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ABSTRACT 
Solid amines are comprised of adsorbent materials, like silica gel, that contain 
amine based organic compounds, either physically or chemically, attached within their 
pores. The major characteristic of these sorbents that makes them interesting for CO2 
capture from flue gas is that unlike zeolites they are not negatively affected by the 
presence of water. The current work has been focusing on the development of a novel 
PSA cycle for CO2 capture from flue gas using a solid-amine sorbent composed of PEI 
physically immobilized on a commercial silica substrate. The goal was to achieve > 90% 
recovery and > 95 vol. % purity of CO2 at reasonable throughputs and operating cost.  
A non-equilibrium kinetic model was developed to describe the reversible 
adsorption and desorption of CO2 on this material over a wide range of industrial relevant 
conditions. Effect of water on adsorption and desorption of CO2 was studied at various 
temperatures and pressures of CO2 using TGA. Considering the adsorption of water on 
this particular material and utilizing the developed model for CO2-solid amine, a series of 
simulations were carried out for two PSA cycles under different operating conditions for 
both dry and humid feeds.  
In this dissertation the key results regarding the use of solid amines for post 
combustion CO2 capture from flue gas by PSA are presented. The effects of different 
parameters on the performance of the PSA process in terms of recovery and purity of 
CO2 and the required energy are discussed. The process conditions under which the 
separation goal is achievable are provided. The role of water in the PSA process 
vi 
performance is explored. Finally two hypothetical sorbents are proposed. The use of these 
sorbents can improve the performance of the PSA process in terms of water recovery in 
the CO2-enriched product. 
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CHAPTER 1 
SEMI-EMPIRICAL KINETIC MODEL THAT DESCRIBES THE REVERSIBLE 
ADSORPTION AND DESORPTION OF CO2 IN A SOLID AMINE SORBENT 
 
 
1.1 Summary 
Five semi-empirical, temperature-dependent kinetic models were studied to 
describe the reversible adsorption of CO2 in a solid amine sorbent composed of poly 
(ethyleneimine) immobilized in to a CARiACT® G10 support at 28 conditions; four 
temperatures (40, 60, 80 and 100°C) and eight concentrations of CO2 (1.2, 4.8, 14.5, 
32.8, 56.1, 69.8, and 88.6 vol. % in Nitrogen). At each condition experimental data was 
obtained for 4 cycles of 40 minutes adsorption followed by 40 minutes desorption using 
thermogravimetric analyzer. Model parameters were determined by fitting the first two 
cycles at 20 conditions; 1.2, 4.8, 14.5, 56.1, and 88.6 vol. % in Nitrogen at all 
temperatures. The following cycles (3
rd
 and 4
th
 cycles) and also the cycling data at other 
eight conditions were then predicted using the same parameters, to evaluate interpolation 
and extrapolation capabilities of each model. The goodness of fit of models was then 
compared based on their predicted results for all four cycles considering all the 28 
conditions. The model which best represented the kinetic was consisted of three parallel 
reactions. It also gave a good fit for the periodic state working capacities and the 
equilibrium loadings at higher temperatures. Considering the wide range of conditions, 
there was a very good agreement between the model results and experimental data. 
2 
Therefore this model can be used in dynamic adsorption process simulator to investigate 
the performance of a PSA process using this sorbent for CO2 capture from flue gas. 
 
1.2 Introduction 
Carbon dioxide is one of the primary greenhouse gases existing in the 
atmosphere. Increasing amounts of these gases because of human activities have led to 
global warming in recent years which will result in changes in climate like longer and 
stronger heat waves, reduced snowpack, increased evaporation, and other changes which 
will affect human and wildlife health.
1
 Fossil fuel power plants are a major source for 
CO2 emissions. Capturing CO2 from the flue gas before releasing it to the atmosphere is 
an option that is being considered in order to reduce the CO2 amount that is emitted by 
these plants. 
One promising technology for separating the CO2 from flue gas is pressure swing 
adsorption (PSA). An appropriate sorbent is an essential part of an efficient PSA process. 
When it comes to capturing CO2 from flue gas, specific characteristics of the adsorbent 
should be taken into account; having a good working capacity for CO2 and being water 
tolerant. Several sorbents have been studied for CO2 capture like zeolites Y and 13X, and 
activated carbon at ambient temperature and HTLcs at high temperatures (302C).2 
Another group of sorbents that are being considered for post combustion CO2 capture are 
solid amine sorbents that have been reported to have adequate working capacity for CO2 
even in the presence of water.
3-37
 In these sorbents amine functional groups are 
chemically attached or physically immobilized on the surface of a porous support like 
silica.
3
 The main characteristic of these sorbents is that unlike zeolites 13X which is the 
3 
mostly used sorbent for CO2 capture, the adsorption of CO2 in these sorbents is not 
negatively affected by the presence of water.
3
 Suitability of solid amine sorbents for CO2 
capture from flue gas by pressure swing adsorption (PSA) has been studied by Ebner et 
al.
3
 and Belmakhout and Sayari
4
.
 
Yet the performance of a PSA process using these 
sorbents have not been reported in the literature. In order to simulate and study the 
performance of the PSA process with solid amines, a kinetic model which can describe 
the reversible adsorption and desorption of CO2 in these sorbents is needed. 
Reaction between CO2 and liquid alkanolamines have been extensively studied.
38
 
Three mechanisms have been provided to describe CO2-Alkanolamine reactions; 
zwitterian, termolecular and base catalyzed mechanisms; zwitterion has been mostly used  
for reaction with primary, secondary and sterically hindered amines whereas base-
catalyzed hydration of CO2 has been used for reaction with tertiary amines.
38
 However 
none of these reactions have been used to model the kinetics of adsorption and desorption 
of CO2 in a solid amine sorbent. 
Yousef Belmabkhout and Abdelhamid Sayyari used linear driving force (LDF) to 
fit the adsorption of CO2 on a series of amine modified silica sorbents.
5, 6
 Still they only 
studied the kinetics of adsorption and they did not provide any data or model on 
desorption. Rodrigo Serna-Guerrero et al. proposed an equilibrium model to describe the 
CO2 adsorption isotherms on amine-grafted mesoporous silica.
7
 In their model adsorption 
of CO2 was occurred through two independent mechanisms: 1. chemisorption on amine 
functional groups and 2. physisorption on the surface of the adsorbent. Subsequently the 
total equilibrium loading was sum of the equilibrium physisorbed loading and the 
equilibrium chemisorbed loading. Each loading was represented by using Toth model. 
4 
This equilibrium model was then used in another work by their group where they used a 
series of Lagergen’s pseudo-first and pseudo-second order and Avrami kinetic models to 
model adsorption of CO2 on amine functionalized mesoporous silica.
8 
Then again no data 
related to desorption kinetics was provided. Ebner et al. provided a reversible mechanism 
for the kinetic of chemisorption and developed a Langmuir-type expression for 
equilibrium loading of CO2 on CARiACT® G10 solid amine
3
 but no kinetic data fitting 
was shown. 
To our knowledge a mechanism that clearly describes the reversible adsorption 
and desorption of CO2 on solid amines is lacking. Therefore the aim of this study was to 
develop a kinetic model which could predict the adsorption and desorption of CO2 in a 
solid amine, composed of poly (ethyleneimine) (PEI) supported on a commercial silica 
substrate. This sorbent has been reported by Ebner et al.
3 
to be suitable to be used in a 
PSA process to capture CO2. Starting from a one site-one reaction model, five models 
were studied in order to describe the adsorption and desorption of CO2 on this material at 
28 conditions. These models included various combinations of reactions taking place in 
parallel and/or in series with each other. Also an empirical equation has been utilized to 
capture the particular temperature dependency of the kinetics caused by rheological 
changes of the PEI in this material with temperature. The kinetic model developed here 
can be used in a dynamic adsorption process simulator to study the performance of a PSA 
process. 
 
 
 
5 
1.3 Experimental 
The solid amine used here is comprised of 40 wt. % polyethylenimine physically 
immobilized on a silica support. Details of the method are given elsewhere.
3, 9, 10, 11 
The 
adsorption and desorption of CO2 at various industrial relevant conditions was measured 
using a Perkin Elmer TGA-7 thermogravimetric. Every experimental run was consisted 
of 80 minutes activation of around 20 mg of the sorbent in pure Nitrogen (UHP Grade, 
Airgas)  at 100
o
C and 4 cycles of adsorption of CO2 (Coleman Grade, Airgas) mixture 
followed by desorption in pure Nitrogen, each for 40 minutes. The adjustment of 
temperature from 100
o
C to the desired temperature was carried out using a 20
o
C/min 
ramp. The gas flow was set to 60 (cm
3
/min) at 1 atm. Experiments were carried out for 
CO2 concentrations from 1 to 88.9 vol. % and temperatures from 40 to 100
o
C. The 
experimental setup and the details of the method is thoroughly explained by Ebner et al.
3
  
 
1.4 Kinetic Model Development 
Five models were studied to predict the reversible adsorption of CO2 in 
CARiACT® G10 solid amine sorbent. Models studied in this work are consisted of 
different combinations of reactions shown below. 
1,1 22
)1
COCO
qNP   
2,2 22
)2
COCO
qNP   
3,3 22
)3
COCO
qNP   
5,4,4 2222
)4
COCOCOCO
qPqNP   
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In these reactions, 
2CO
P  is the partial pressure of CO2, N1-N4 are different 
adsorption/reaction sites in the sorbent. 
1,2CO
q ,
2,2CO
q , and 
3,2CO
q  are the reaction sites 
taken by CO2 from N1, N2, and N3 respectively.. 4,2COq  represents the reaction sites taken 
from N4 with one CO2 per site, while 5,2COq  shows the reaction sites taken from N4 with 
two CO2s  per site.  
Table 1.1 shows the reactions present in each model. There is only one type of 
reaction site in model I (N1). Each reaction site reacts with one CO2. In model II, there are 
two types of reaction sites (N1 and N2) that react with CO2 via two parallel reactions. In 
model III, there are three types of reaction sites (N1, N2 and N3) that react with CO2 
through three parallel reactions. Model IV is consisted of two reactions in series with one 
type of reaction site (N4). Each reaction site can take two CO2s. A mechanism similar to 
model IV has been provided by Planas et al., for adsorption of CO2 in an alkylamine-
functionalized metal-organic framework.
39
 In their proposed mechanism, two amine sites 
adsorb two CO2s, but this happens in a series of reactions. Although in their mechanism, 
each reaction sites, takes only one CO2, the second CO2 reacts with the amine sites only 
after the first one has been adsorbed. Two types of reaction sites (N1 and N4) are present 
in model V; one adsorbs one CO2 per site, the other adsorbs two CO2s per site. Reactions 
of CO2 with these two types are in parallel. Equations describing the above reactions are 
shown in equations 1-10. Equation 11 which is a form of Fermi-Dirac distribution was 
used to explain the temperature dependency of the amine sites. 
1,,11,1,1
1,
222
2 )(,
CObCOCOf
CO
qkqNPK
dt
dq
   (1) 
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  (11) 
In equations 1-11, K1,f, K2,f, K3,f, K4,f, and K5,f are forward reaction constants and 
K1,b, K2,b, K3,b, K4,b, and K5,b are backward reaction constants for formation of q1, q2, q3, 
q4, and q5, respectively. qt is the total CO2 loading. , ,  and  show the fractions of Nt 
that belong to N1, N2, N3, and N4 respectively. These fractions were assumed to be 
constant. Nmax, k and T0 are constants in Fermi-Dirac equation. The amines in the solid 
amine studied here, is a mixture of linear and branched primary, secondary and tertiary 
8 
amines.
3, 11
 The fact that different amine types are present in the sorbent and also the way 
that each amine group is located on the support may result in different 
adsorption/reaction sites in the sorbent. Models II to V were studied in order to count for 
these different sites if exist. Moreover the flexibility of PEI changes with temperature, 
which leads to the changes in the accessibility of the amine sites for CO2 with 
temperature.
12, 13
 Since PEI is more flexible at higher temperatures, more amines are 
available for CO2 to react with, whereas at lower temperatures, some may become 
unavailable due to the rigidity of the PEI. To capture the possible morphological changes 
with temperature, equation 11 was considered; it was assumed that the number of each 
kind of reaction sites, which could participate in the chemisorption of CO2, was a 
function of temperature. 
Temperature dependence of reaction constants was expressed by Arrhenius 
equation: 
)exp(
,
0,,,
RT
E
KK
fk
fkfk

 ; k =1, 2, 3, 4, 5  (12) 
)exp(
,
0,,,
RT
E
KK
bk
bkbk

 ; k =1, 2, 3, 4, 5  (13) 
At equilibrium the forward reaction rate is equal to the backward reaction rate and 
we have: 
0
5,4,3,2,1, 22222 
dt
dq
dt
dq
dt
dq
dt
dq
dt
dq
COCOCOCOCO
  (14) 
Equilibrium loadings and heat of reactions are shown in equations 15-23.  
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In equations 12-23, Kk,f,0, Kk,b,0, E k,f and Ek,b show the pre-exponential constants 
and activation energies in Arrhenius equations for forward and backward reactions Kk,e 
shows the equilibrium constant for reaction k. 
eCO
q
,1,2
, 
eCO
q
,2,2
, 
eCO
q
,3,2
, 
eCO
q
,4,2
, and 
eCO
q
,5,2
are 
equilibrium loadings of CO2 corresponded to N1, N2, N3 and N4 respectively. 
etCO
q
,,2
is the 
total equilibrium loading of CO2  and kCOH ,2  represents the effective heat of reaction for 
reaction k.  
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1.5 Results and discussion 
In each cycle, at the beginning of adsorption and desorption, the feed gas replaces 
the gas exists in the TGA chamber from previous step. Therefore partial pressure of CO2 
does not reach the feed gas partial pressure immediately. In order to consider this effect 
in the modeling, the mass balance equation for TGA chamber was taken into account 
which is shown in equation 24: 
















dt
dq
VPP
RT
AK
dt
dP
RT
V tCO
ssCOCO
COCO ,*
**
2
22
22 )(    (24) 
In this equation, 
*
2CO
P  is the partial pressure of CO2 in the gas that is in contact 
with the sorbent. V
*
 is the volume of the chamber, 
2CO
K is the mass transfer coefficient of 
CO2, A is the area, 
2CO
P is the partial pressure of CO2 in feed gas, s  is the adsorbent 
density, Vs is the adsorbent volume, tCOq ,2  is the total loading, t is time, T is the 
temperature and R is the universal gas constant. For simplification, equation 24 was 
rearranged and constants were combined in 2 new constants; shown in equations 25-27. 
In all previously described models, P should be substituted by
*
2CO
P . 
2CO
P  is equal to 
CO2’s partial pressure in adsorption step and is equal to zero in desorption step. “TGA 
effect” affects both adsorption and desorption, however is more pronounced in adsorption 
because at a given temperature the initial adsorption rate is relative to pressure of CO2. 
Figure 1.1 shows this effect on the results of fitting model III of adsorption in the first 
cycle at 14.5 vol. % CO2 and four temperatures. Started from the same time, the model 
without “TGA effect” does not capture the data during the first 2-3 minutes of adsorption. 
Similar trends were seen at other conditions. 
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
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RK
s
sq
   (27) 
In the proposed models (eq. 1-12 and table 1.1), since adsorption is involved in 
forward reactions, the activation energies of forward reaction constants (Ek,f) were 
allowed to take negative values 
40, 41
 while other activation energies were forced to be 
positive. Parameters were obtained by fitting the experimental data (first two cycles) at 
40, 60, 80 and 100°C and at 1.2, 4.8, 14.5, 56.1 and 88.6 vol. % CO2 in Nitrogen by using 
least-squares method using MS Excel Solver. The values for these parameters for all 
models are shown in table 1.2. The same parameters were then used to predict the 
following cycles (3
rd
 and 4
th
 cycles) and also the cycling data at 32.8 and 69.8 vol. %, to 
evaluate the interpolation and extrapolation capabilities of each model. Goodness of fit of 
each model was evaluated by considering the following criteria: 
 Coefficient of determination (R2)  
 Visual examination of the fitted curves; capability of capturing kinetic features at 
both low and high temperatures for all 4 cycles.  
 Model predictions for working capacity. 
 Model predictions for equilibrium loadings at 80 and 100oC. 
Model predictions for heat of adsorption/reaction (
kCO
H
,2
 ) are shown in table 
1.3. Due to adsorption and exothermic reaction between amines and CO2, kCOH ,2 s are 
12 
expected to be negative. However 
5,2CO
H is positive which cannot be physically true. 
Hence from now on predictions of model V is not included in the results shown in this 
work. For other models, obtained values are not far from the values reported in the 
literature (42.7, 
11
 50.03,
3
 63.2,
11
 67, 
42
 and 94 (8)14 (kJ.mol-1)) for adsorption of CO2 on 
solid amines and not that different from heat of reactions for different amine types and 
CO2 that have been reported by Kohl A. et al. cited by Satyapal et al.
14
; primary amines: 
84 (kJ.mol
-1
), secondary amines: 72 (kJ.mol
-1
) and tertiary amines: 48 (kJ.mol
-1
). 
However it should be noted that numbers reported here are not the same as the number 
Ebner et al. reported for the same material.
3 
This inconsistency can be due to the fact that 
in their work, only equilibrium data at 80 and 100
o
C were used to determine the heat of 
adsorption. Also they assumed the total number of sites to be constant.  
For each condition, R
2
 (coefficient of determination) was calculated using 
equation 28. In this equation qi, exp is the experimental value for CO2 loading at time t, 
mod,i
q is model value for CO2 loading at time t and expq is mean of experimental CO2 
loading over four cycles. Calculated values are shown in tables 1.4 for those conditions 
that were included in fitting process and in table 1.5 for those which were not (32.8 and 
69.8 vol. % CO2 in Nitrogen). Also for each condition, the best model which had the 
maximum R
2
 is displayed. 
2
exp,exp
2
mod,,exp2
)(
)(
1
qq
qq
R
i
ii


   (28) 
Based on the values of R
2
, all models were able to capture the experimental 
cycling data at 80 and 100
o
C (R
20.98) except for 1.2 vol. % CO2. Since values of R
2
 are 
very similar at these two temperatures, it cannot be told which model gave the best fit. At 
13 
60°C lowest R
2
 values belonged to model I which clearly means that more than one 
reaction was needed to model the adsorption and desorption of CO2 at this temperature. 
At 40°C model III had significant higher values of R
2
 for most of the conditions 
indicating that three parallel reactions represented the kinetic data better than models with 
two reactions in parallel or two reactions in series. Accounting for all 28 conditions 
model III provided the best fitting for 71% of the conditions studied. However value of 
R
2
 alone is not an indicator of goodness of fit of a model. Features of the predicted model 
have to be evaluated as well. 
No significant differences were observed in visual examination of the fitted 
curves, at 60C and higher temperatures. Therefore to have a better comparison of the 
models, only results at 40
o
C where the differences are more pronounced are shown. 
Figures 1.2-1.6 show the results of all models (I, II, III, IV) for 1.2, 4.8, 14.5, 56.1 and 
88.6 vol. % CO2 in Nitrogen respectively. At this temperature, there are two steps in the 
adsorption; a fast uptake of CO2 that occurs at the beginning and a slow uptake that takes 
place after that. Although less pronounced, these two steps can be seen in desorption, too. 
Figure 1.2 shows model predictions for 1.2 vol. %. Model I does not capture the 
experimental data except for the initial adsorption (t<10 min). Predictions of model II and 
IV are similar; both fit the data better for 2
nd
 -4
th
 cycles. These models predict higher 
loading during the slow step of adsorption and as a result in desorption step. Model III 
fits the data better than others at this pressure. 
Figures 1.3 and 1.4 show that for 4.8 and 14.5 vol. % CO2 in Nitrogen, model I 
does not capture the features of adsorption and desorption at all. At 4.8 vol. % shown in 
figure 1.3, models II and IV show similar trends; they fit the adsorption but over predict 
14 
the loading in desorption. For 14.5 vol % model II provides a better fit for adsorption 
compared to model IV, however neither of these models capture the curvature of the 
desorption curve; indicating that two reactions either in parallel or series cannot represent 
the adsorption and desorption of CO2 at these conditions. On the other hand model III fits 
both fast and slow steps of adsorption as well as predicting the curvature of the 
desorption curve. 
In figures 1.5 and 1.6, similar to figures 1.2 and 1.3 results of model I are far from 
experimental results. Unlike experiments, models II and IV show three steps of 
adsorption: a fast uptake followed by two consecutive slow uptakes. The third step 
becomes flat for model II at 88.6 vol. % (figure 1.6). None of these models fit the 
desorption curve. Model III under predicts the loading at the end of desorption at 88.6%, 
however it’s the only model that captures all the experimental features. Results at these 
concentrations confirm the previous conclusion that two reactions either in series or in 
parallel cannot represent the experiments at this temperature making model III the best 
mechanism for adsorption and desorption of CO2. 
Figure 1.7 shows the model results for 32.8 and 69.8 vol. % CO2 in Nitrogen. 
Trends are similar to other concentrations that are discussed above. Considering all 
concentrations, model III is the best model of four models studied here that represents the 
adsorption and desorption of CO2 on CARiACT G10 solid amine sorbent at 40°C. 
At other temperatures, since the results from all models were almost similar, only 
results of model III are shown here (Figures 1.8-1.11). Except for 1.2 vol. % CO2 in 
Nitrogen, there was an excellent agreement between the model and the experiment. 
15 
Periodic state working capacity for each condition was calculated by subtracting 
the loading at the end of desorption from the loading at the end of adsorption in the 4
th
 
cycle. It was assumed that 4
th
 cycle represented the periodic state behavior. Model 
predictions along with experimental working capacities are shown in figure 1.12 for 
models I-IV. It is clear from figure 1.12-a, that at 40°C model I provides the best fit 
(R
2
=0.9040). However it was shown earlier that this model did not capture the kinetic 
features at 40°C. Model II (R
2
=0.7301) and III (R
2
=0.7981) fit the data up to 69.8 vol. %; 
at higher concentrations they predict higher working capacities. Model IV (R
2
=0.5012) 
over predicts the working capacity at concentrations higher than 32.8 vol. %. At 60°C, 
models II, III, and IV, fit the data for concentrations lower than 56.1 vol. % and over 
predict the working capacities at concentrations higher than 56.1 vol. %. R
2
 values at this 
temperature are 0.9286, 0.9673, and 0.9470 for model II, III and IV respectively.  On 
contrary model I over predicts the working capacity at lower concentrations for 
concentrations lower than 56.1 vol. % and fits the working capacities at concentrations 
higher than 56.1 vol. % (R
2
=0.8827). At 80 and 100°C, displayed in figure c and d, all 
models could predict the working capacities (R
2≥0.99).  
All the models were able to predict the equilibrium loadings at 80 and 100
o
C. 
Coefficients of determination for each model at these conditions are shown in table 1.6. 
Since the models overlapped at these conditions, experimental and predicted equilibrium 
loadings are only shown for model III in figure 13.  
At higher temperatures no significant differences were seen between the proposed 
models. But at lower temperatures model III was able to capture the kinetic features 
much better than the others. Model III was also able to predict the working capacity as 
16 
well as equilibrium loadings at higher temperatures. Since this model is able to fit both 
kinetic and equilibrium data at a wide range of conditions, it can be used in PSA 
simulators. However consistency of the model with real reaction/adsorption mechanism 
and the physical structure of each species need more investigation via material 
characteristics methods. 
 
1.6 Conclusions 
Five semi-empirical, temperature-dependent kinetic models were studied to 
describe the reversible adsorption of CO2 in CARiACT® G10 solid amine sorbent over a 
wide range of conditions: 4 temperatures (40, 60, 80 and 100°C) and 7 concentrations of 
CO2 (1.2, 4.8, 14.5, 32.8, 56.1, 69.8, 88.6 vol. %). The experimental data were obtained 
by measuring the dynamic adsorption-desorption of CO2 in the solid amine sorbent using 
a Perkin-Elmer TGA-7 thermogravimetric analyzer. Each run is four cycles of 40 min 
adsorption in CO2/CO2-Nitrogen mixture and 40 min desorption in Nitrogen. 
The model constants were determined by fitting the model to first two 
experimental cycles of 40 minutes adsorption followed by 40 minutes desorption data at 
40, 60, 80 and 100°C and different CO2 concentrations (1.2, 4.8, 14.5, 56.1 and 88.6 vol. 
%). 
Using the parameters obtained by fitting the first two cycles, the model predicted 
the cycling behavior for different CO2 concentrations in the adsorption step (1.2, 4.8, 
14.5, 56.1 and 88.6 vol. %) at four temperatures (40, 60, 80 and 100
o
C) successfully. It 
also predicted the cycling behavior for other CO2 concentrations (32.8 and 69.8 vol. %) at 
four temperatures (40, 60, 80 and 100
o
C) without any further adjustments to the 
17 
parameters. Model III was able to predict the working capacities as well as equilibrium 
loadings. 
Goodness of fit of models were evaluated and compared based on predicted 
features for both adsorption and desorption, values of coefficient of determination, and 
capability of fitting working capacities at all conditions and equilibrium loading at higher 
temperatures. Differences between the models were more pronounced at lower 
temperatures. Model III that is consisted of three parallel reactions provided the best 
fitting for most of the conditions.  
In general, the proposed semi-empirical model was able to predict the cycling 
adsorption-desorption behavior of CO2 on CARiACT® G10 solid amine sorbent 
satisfactorily over a wide range of CO2 concentrations (1.2-88.6 vol. %) and temperatures 
(40-100°C). Therefore it can be used in dynamic adsorption process simulator to 
investigate the performance of PSA. 
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1.7 Tables 
Table 1.1 Adsorption/Reaction sites for models I-V 
 
Model I II III IV V 
Reactions present in the model 1 1&2 1&2&3 4 1&4 
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Table 1.2 Model parameters for models I-V 
 
Parameter I II III IV V 
Kp(min
-1
) 1.06 7.92×10
-1
 7.94×10
-1
 8.45×10
-1
 8.35×10
-1
 
Kq(kg.kPa.K
-1
.mol
-1
) 2.22×10
-9
 3.39×10
-3
 2.59×10
-3
 3.45×10
-3
 3.58×10
-3
 
K1f0(kPa
-1
.min
-1
) 3.24×10
-3
 1.18×10
-3
 1.55×10
-2
 - 7.42×10
-9
 
E1f(kJ.mol
-1
) -8.32 -1.29×10
-1
 -3.68×10
-1
 - -3.19×10
1
 
K1b0(min
-1
) 1.46×10
8
 5.92×10
9
 7.43×10
2
 - 2.88×10
8
 
E1b(kJ.mol
-1
) 6.13×10
1
 7.15×10
1
 2.31×10
1
 - 6.12×10
1
 
K2f0(kPa
-1
.min
-1
) - 1.14×10
-1
 1.75×10
-2
 - - 
E2f(kJ.mol
-1
) - 1.19×10
1
 8.71 - - 
K2b0(min
-1
) - 2.48×10
8
 2.01×10
11
 - - 
E2b(kJ.mol
-1
) - 5.92×10
1
 7.93×10
1
 - - 
K3f0(kPa
-1
.min
-1
) - - 9.48×10
-4
 - - 
E3f(kJ.mol
-1
) - - -1.39×10
1
 - - 
K3b0(min
-1
) - - 5.17×10
10
 - - 
E3b(kJ.mol
-1
) - - 7.80×10
1
 - - 
K4f0(kPa-1.min
-1
) - - - 8.99×10
-4
 7.76×10
-4
 
E4f(kJ.mol-1) - - - -1.36×10
1
 -1.42×10
1
 
K4b0(min-1) - - - 4.04×10
9
 4.47×10
9
 
E4b(kJ.mol-1) - - - 7.05×10
1
 7.07×10
1
 
K5f0(kPa-1.min
-1
) - - - 1.53 3.52×10
-3
 
E5f(kJ.mol
-1
) - - - 2.19×10
1
 3.87 
K5b0(min
-1
) - - - 5.09×10
7
 7.40×10
-1
 
E5b(kJ.mol
-1
) - - - 5.42×10
1
 3.59×10
-5
 
Nmax 2.80 3.98 3.79 2.78 3.46 
 5.07×10
-2
 3.26×10
-2
 3.12×10
-2
 2.99×10
-2
 4.40×10
-2
 
 2.88×10
2
 2.91×10
2
 2.85×10
2
 2.87×10
2
 2.94×10
2
+
02 
 1.00 6.97×10
-1
 1.51×10
-1
 0.00 2.52×10
-1
 
 0.00 3.03×10
-1
 2.05×10
-1
 0.00 0.00 
 0.00 0.00 6.44E×10
-
1
 
0.00 0.00 
 0.00 0.00 0.00 1.00 7.48×10
-1
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Table 1.3 Heat of adsorption/reaction for models I-V 
 
Parameter I II III IV V 
1,2CO
H (kJ.mol-1) -69.67 -84.36 -23.47 - -93.06 
2,2CO
H (kJ.mol-1) - -47.34 -70.63 - - 
3,2CO
H (kJ.mol-1) - - -91.92 - - 
4,2CO
H (kJ.mol-1) - - - -84.09 -84.92 
5,2CO
H (kJ.mol-1) - - - -32.32 3.87 
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Table 1.4 R
2
 values for models I-IV for four cycles at 40, 60, 80 and 100
o
C for 
1.2, 4.8, 14.5, 56.1 and 88.9 vol. % CO2 in Nitrogen. 
 
vol.% CO2 in Nitrogen I II III IV Max. R
2
 Best Mod. 
40°C 
1.2 0.6086 0.9387 0.9659 0.9183 0.9659 III 
4.8 0.1369 0.9487 0.9835 0.9538 0.9835 III 
14.5 0.8969 0.9493 0.9883 0.8590 0.9883 III 
56.1 0.6726 0.9504 0.9622 0.9234 0.9622 III 
88.9 0.4519 0.7728 0.8792 0.7442 0.8792 III 
60°C 
1.2 0.8551 0.9157 0.8940 0.9131 0.9157 II 
4.8 0.9091 0.9781 0.9839 0.9813 0.9839 III 
14.5 0.9249 0.9813 0.9883 0.9814 0.9883 III 
56.1 0.9130 0.9285 0.9318 0.9257 0.9318 III 
88.9 0.9528 0.9611 0.9681 0.9613 0.9681 III 
80°C 
1.2 0.9462 0.9876 0.9888 0.9878 0.9888 III 
4.8 0.9835 0.9836 0.9887 0.9845 0.9887 III 
14.5 0.9943 0.9987 0.9985 0.9990 0.9990 IV 
56.1 0.9953 0.9951 0.9952 0.9952 0.9953 I 
88.9 0.9959 0.9981 0.9981 0.9983 0.9983 IV 
100°C 
1.2 0.4146 0.5078 0.5380 0.4911 0.5380 III 
4.8 0.9877 0.9885 0.9892 0.9890 0.9892 III 
14.5 0.9991 0.9968 0.9965 0.9969 0.9991 I 
56.1 0.9930 0.9942 0.9936 0.9936 0.9942 II 
88.9 0.9955 0.9967 0.9972 0.9971 0.9972 III 
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Table 1.5 R
2
 values for models I-IV for four cycles at 40, 60, 80 and 100
o
C for 
32.8 and 69.8 vol. % CO2 in Nitrogen. 
 
vol.% CO2 in Nitrogen I II III IV Max. R
2
 Best Mod 
40°C 
32.8 0.8245 0.9176 0.9671 0.7958 0.9671 III 
69.8 0.4527 0.6594 0.8014 0.6064 0.8014 III 
60°C 
32.8 0.9765 0.9914 0.9915 0.9908 0.9915 III 
69.8 0.9841 0.9882 0.9915 0.9910 0.9915 III 
80°C 
32.8 0.9976 0.9966 0.9963 0.9956 0.9976 I 
69.8 0.9960 0.9964 0.9966 0.9966 0.9966 III, IV 
100°C 
32.8 0.9944 0.9977 0.9970 0.9974 0.9977 II 
69.8 0.9972 0.9973 0.9983 0.9979 0.9983 III 
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Table 1.6 R
2
 values for equilibrium loadings 
predicted by models I-IV at 80 and 100
o
C. 
 
Model 80°C 100°C 
I 0.9905 0.9978 
II 0.9964 0.9979 
III 0.9984 0.9981 
IV 0.9968 0.9980 
V 0.9957 0.9977 
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1.7 Figures 
Figure 1.1 Model III predictions (solid line) vs. experimental data (dotted line) 
with and without TGA effect for 14.5 vol. % CO2 in Nitrogen at a) 100
o
C, b) 80
o
C, 
c) 60
o
C, d) 40
o
C 
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Figure 1.2 Model I-IV predictions (solid line) vs. experimental data (dotted line) at 
40
o
C for 1.2 vol. % CO2 in Nitrogen 
 
II
0 40 80 120 160 200 240 280 320
Time(min)
IV
-0.5
0.0
0.5
1.0
1.5
2.0
2.5
3.0
L
o
a
d
in
g
(m
o
l/
k
g
)
I
-0.5
0.0
0.5
1.0
1.5
2.0
2.5
3.0
0 40 80 120 160 200 240 280 320
L
o
a
d
in
g
(m
o
l/
k
g
)
Time(min)
III
26 
Figure 1.3 Model I-IV predictions (solid line) vs. experimental data (dotted line) at 
40
o
C for 4.8 vol. % CO2 in Nitrogen 
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Figure 1.4 Model I-IV predictions (solid line) vs. experimental data (dotted line) at 
40
o
C for 14.5 vol. % CO2 in N2 
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Figure 1.5 Model I-IV predictions (solid line) vs. experimental data (dotted line) at 
40
o
C for 56.1 vol. % CO2 in Nitrogen 
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Figure 1.6 Model I-IV predictions (solid line) vs. experimental data (dotted line) at 
40
o
C for 88.6 vol. % CO2 in Nitrogen 
  
 
II
0 40 80 120 160 200 240 280 320
Time(min)
IV
-0.5
0.0
0.5
1.0
1.5
2.0
2.5
3.0
L
o
a
d
in
g
(m
o
l/
k
g
)
I
-0.5
0.0
0.5
1.0
1.5
2.0
2.5
3.0
0 40 80 120 160 200 240 280 320
L
o
a
d
in
g
(m
o
l/
k
g
)
Time(min)
III
30 
Figure 1.7 Model I-IV predictions (solid line) vs. experimental data (dotted line) 
at 40
o
C for a) 32.8 and b) 69.8 vol. % CO2 in Nitrogen 
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Figure 1.8 Model III predictions (solid line) vs. experimental data (dotted line) at 
60
o
C for a) 1.2, b) 4.8, c) 14.5, d) 56.1 and e) 88.6 vol. % CO2 in Nitrogen 
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Figure 1.9 Model III predictions (solid line) vs. experimental data (dotted line) at 
80
o
C for a) 1.2, b) 4.8, c) 14.5, d) 56.1 and e) 88.6 vol. % CO2 in Nitrogen 
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Figure 1.10 Model III predictions (solid line) vs. experimental data (dotted line) at 
100
o
C for a) 1.2, b) 4.8, c) 14.5, d) 56.1, and e) 88.6 vol. % CO2 in Nitrogen 
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Figure 1.11 Model III predictions (solid line) vs. experimental data (dotted line) at 60, 
80, and 100
o
C for a) 32.8 and 69.8 vol. % CO2 in Nitrogen 
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Figure 1.12 Model I-IV predictions (lines) vs. experimental working capacity 
(symbols) at a) 40C, b) 60C, c) 80C, d) 100C 
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Figure 1.13 Model predictions (lines) vs. experimental equilibrium 
loadings (symbols) vs. partial pressure of CO2 at 80 and 100
o
C  
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CHAPTER 2 
CO2 CAPTURE FROM FLUE GAS BY PSA USING A SOLID AMINE SORBENT: DRY 
FEED 
 
 
2.1 Summary 
Two pressure swing adsorption cycles; a 3 bed-8 step and a 4 bed-9 step cycles 
were designed for the capture of CO2 from flue gas using a solid amine sorbent. An in-
house PSA simulator was utilized to investigate the effect of different parameters on the 
performance of the PSA process at a fixed pressure ratio (PH=120 kPa and PL=5 kPa) and 
cycle time (300s). For a feed gas comprised of 15.9 % CO2 in Nitrogen the performance 
of the proposed cycles in terms of recovery and purity of CO2 as well as the avoided 
energy needed for separation and feed throughputs were investigated. Conditions at 
which the separation goal (>90% recovery and >95% vol. % purity of CO2) were 
obtainable, were identified for each cycle. Based on the results of the parametric study, 
three more simulation runs were carried out for each cycle in order to improve the 
performance of the process. For the 3 bed-8 step cycle, the separation target was met for 
throughputs higher than 336.70 (L(STP)/kg/hr) and lower than 448.94 (L(STP)/kg/hr) 
with avoided energy around 39 (kJ/mol CO2) and for the 4 bed-9 step cycle, the goal was 
achieved for throughputs slightly higher than 224.47 (L(STP)/kg/hr) and avoided energy 
around 28 (kJ/mol CO2).  
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2.2 Introduction 
CO2 is one of the greenhouse gases that believed to cause global warming. In 
USA over 40% of CO2 is produced by fossil based power plants.
43 
In order to prevent 
adverse climate change and its effects, there will be legislations and/or regulations to 
reduce CO2 emissions which will be applied to both existing and new coal-based power 
plants.
44 
Therefore a lot of studies have been carried out on methods to reduce the 
emission of CO2 from these plants. 
Technologies for CO2 capture with an emphasis on adsorption and membranes 
have been thoroughly reviewed by Ebner and Ritter.
2
 One technology that has shown 
potential for this purpose and has been considered by several authors is pressure swing 
adsorption (PSA). PSA has some advantages like lower capital and operating cost
45
, and 
simplicity of operation.
46 
Other prospective separation technologies are membranes, 
cryogenic distillation and amine scrubbing. Advantages and disadvantages of each of 
these technologies can be found in details in the review article provided by Aaron and 
Tsouris.
47
 
Efficiency of a PSA process depends on two main factors: adsorbent 
characteristics and cycle design. For CO2 capture from flue gas, an appropriate sorbent 
provides a good working capacity for CO2 as well as having sufficiently fast kinetics for 
both adsorption and desorption.
48
 Moreover this sorbents is water tolerant because flue 
gas can contain up to 17% water. Several sorbents have been considered for CO2 capture 
from flue gas by using PSA such as activated carbon
49-51
, zeolites (5A
52
, 13X
45-46, 51, 53-59
, 
CaX type
60
) and HTLc
44, 61-62
. In a critical review on the adsorption of CO2 on various 
sorbents at high temperatures carried out by Yong et al., HTLcs and basic alumina were 
39 
reported to have a sufficient adsorption capacity for CO2 at high temperatures.
61 
At low 
temperatures on the other hand, zeolite 13X is the most widely used sorbent for CO2.
45-46, 
51, 53-59
 However the main problem with 13X is its sensitivity to water.
3
 For example Li et 
al. explored the capture of CO2 from a synthesis flue gas with 95% relative humidity at 
30C using 13X.54 They reported 18.5 % drop in recovery and 22% drop in productivity 
of CO2 when water was present. Their study revealed that although it was possible to 
remove both CO2 and water with the same 13X, the performance of the PSA process was 
negatively affected by the presence of water. In solid amines sorbent on the other hand, 
not only water does not affect the adsorption of CO2 on amine sites, but also it can 
improve the adsorption capacity of CO2.
14, 63
 Ebner et al. showed that a particular solid 
amine sorbent is suitable to be used in a PSA process for CO2 capture from flue gas.
3
 
However in their work no results regarding the performance of their material in a PSA 
process was provided.  
Depending on the goal of process, various steps with different number of beds can 
be combined in a specific way. In capturing CO2 from flue gas, at least 90% of CO2 of 
the feed should be captured and the separated CO2 should be at least 95 vol. % pure. 
More over like any other industrial process, in designing a PSA process, cost is an 
inseparable part that should be taken into account.  Both capital and operating cost which 
are related to feed throughput and power consumption respectively should be considered. 
In other words for this specific process, an effective PSA process would be a process 
which provides high CO2 recovery (>90%) and purity (>95 vol. %), at high feed 
throughput and low power consumption.  
40 
Several PSA/VSA cycles have been explored for CO2 capture from flue gas. 
Reported cycle schedules are ranged from simple schedules like a 1bed-4 step cycle (feed 
pressurization, feed, countercurrent depressurization and light reflux 
64-65
, or 2 bed-4 step 
cycle (feed pressurization, feed, co- current depressurization and light reflux),
66
to more 
complicated cycles like a 4 bed-8 step cycle(feed pressurization, feed, heavy reflux, 
equalization, counter current depressurization, light reflux, equalization, Idle)
67
. A list of 
the PSA cycles studied for CO2 capture from flue gas has been provided by Agarwal et 
al.
68
 and Reynold et al.
62
. These cycles have been designed for sorbents like 13X, HTLc, 
NaX, and Ac.
62, 68
 To our knowledge no PSA processes have been reported for solid 
amine sorbents for CO2 capture from flue gas.  
In this chapter two PSA cycles are presented for CO2 capture from flue gas using 
the solid amine sorbent investigated by Ebner et al.
3
 The performance of each PSA cycle 
in terms of recovery, purity, feed throughput and power consumption at different 
conditions has been investigated. Also for each cycle a set of conditions under which the 
goal of 90% CO2 recovery and 95 vol. % CO2 purity was achievable, is reported. Effect 
of different parameters on the performance of each cycle has been investigated. The 
results reported here provide an overall idea about the behavior of this material in a PSA 
process. In the current study it has been assumed that there is no water in the feed gas. 
 
2.3 Cycle Description 
Cycle schedules shown in figure 2.1 were investigated for CO2 capture from flue 
gas using G10 solid amine sorbent. Cycle I is consisted of 3 beds and 8 steps while cycle 
II is consisted of 4 bed and 9 steps. Steps in these cycles are as follows: 
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Feed; a feed gas consisting of 15.9% CO2 in Nitrogen enters the bed at 100C and 120.0 
kPa.  
Heavy reflux (HR); a fraction of CO2-enriched stream leaving the bed during the LR/LR2 
step is recycled to the system, through the heavy end  
Equalization down (Eq); the bed is depressurized though its light end to an intermediate 
pressure. The gas that leaves the bed during this step is used to pressurize the bed 
undergoing the “equalization up” step. 
Co-current depressurization (CoD); the bed is depressurized to a pressure lower then 
equalization pressure and higher than 5 kPa through its light end. 
Counter-current depressurization (CnD); the bed is depressurized to the lowest pressure 
in the process (5kPa) through its heavy end. 
Light reflux (LR/LR1/LR2); A fraction of Nitrogen-enriched stream leaving the bed 
during the feed step is recycled through the light end.  
Equalization up (Eq’); the bed is pressurized to an intermediate pressure by provided gas 
from the bed undergoing Eq step. 
Light product pressurization (LPP); A fraction of Nitrogen-enriched stream leaving the 
bed during the feed step is recycled to re-pressurize the bed. 
In cycle I, heavy product is collected at the downstream of the bed undergoing the 
CnD step, and also a fraction of the gas leaving the bed during the light reflux. In cycle 
II, CnD step, LR-1 step and a part of the gas exiting the bed during the LR-2 step, 
provide the heavy product. In both cycles light product is generated during Feed, HR and 
CoD steps. 
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2.4 Mathematical Model 
An in house dynamic adsorption process simulator (DAPS) developed in 
FORTRAN was used to simulate the PSA cycles reported in the current work. Finite 
difference method along with a time adaptive DAE solver (DASPK)
69
 were used to solve 
the equations for mass, energy and momentum balances. For simplification following 
conditions were applied:  the ideal gas law, plug flow, same temperature for gas and solid 
phase, no heat conduction, and no concentration gradients in both gas and solid phase in 
pellets. For CO2 adsorption and desorption, model III that was previously described in 
chapter 1 was used. It should be noted that the developed model is for a powder, while in 
this chapter, it has been assumed that sample is in pelletized form with the same 
characteristics. For adsorption and desorption of Nitrogen, an LDF model was applied; 
assuming that the adsorption of Nitrogen on this specific sorbent being similar to the 
adsorption of Nitrogen on silica gel, a two process Langmuir isotherm model with a mass 
transfer coefficient equal to 0.1 s
-1
 were used. 
Equations for overall and component mass balance and energy balance are as 
follows: 
Overall mass balance: 
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Component mass balance: 
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In equations 1-4, p is the pellet density, and p is the pellet porosity, b is the bed 
porosity, v is the interstitial velocity, CT is total molar concentration, N is the number of 
components, yi is the mole fraction of component i in the gas phase, T is the temperature 
of both gas and solid phases, P is the total pressure and qi shows the loading of 
component i in the solid phase. 
Loading changes with time for CO2: 
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Temperature dependency of reaction constants was expressed by Arrhenius equation: 
)exp(
,
0,,,
RT
E
KK
fk
fkfk

 ; k =1, 2, 3  (14) 
)exp(
,
0,,,
RT
E
kk
bk
bkbk

 ; k =1, 2, 3  (15) 
In the above equations, all the constantans are the same as the constants defined in 
chapter 1.  
Loading changes for Nitrogen: 
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In equations 17-20, 
2N
k is the mass transfer coefficient of Nitrogen, 
*
2N
q is the 
equilibrium loading of Nitrogen, 
2N
q is the loading of Nitrogen at time t. 
s
N1, 2
q , 
s
N2, 2
q , 
2N1,
b , and 
2N2,
b  are the parameters for Dual Process Langmuir isotherm for Nitrogen. 
0
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,
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B
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 and 
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B
,2
 are pre-exponential and energy constants in the Arrhenius 
equations describing temperature dependency of 
2N1,
b  and 
2N2,
b .
 
Energy balance: 
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In the above equations, Cpg,i is the molar heat capacity of component i in the gas 
phase, Cpa,j is the molar heat capacities of component i in the solid phase which were 
assumed to be equal, Cpp is the heat capacity of the pellet, Hi is the heat of adsorption of 
component i, hw is the heat transfer coefficient at the wall and ri is the internal radius of 
the bed. 
Ergun’s equation was applied for the pressure drop along the bed (eq 23), in 
which ρp is the viscosity and Mg is the average molecular weight of the gas phase and rp 
shows effective radius of the pellet. 
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Bed characteristics, adsorbent properties, components’ kinetic and equilibrium 
data, and process conditions are shown in table 2.1. Initial and boundary conditions for 
each step are listed in tables 2.2 and 2.3 for cycles I and II respectively. At given 
boundaries the molar flow rate (F) through the valve is defined according to the valve 
equation, which is defined according to 
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In equation 23, cv is the valve coefficient, Sg is the specific gravity of the gas 
relative to air at 1 atm and 21.45C; Po is the pressure outside the valve. Two parts in the 
parentheses in the equations were considered in order to distinguish choking from non-
choking conditions. At each boundary whenever a condition for temperatures, 
concentrations, flows and valve equations is not specified or required, mass and energy 
balances along with the Ergun’s equation were utilized to retain consistency. In both 
cycles equalization pressure was step, final pressure was found by trial and error, in such 
way that the two beds undergoing equalization step reached the same pressure at the end 
step time. For each run that was carried out, the run was continued until the periodic state 
behavior was achieved where flows, recovery and purity of each component did  not 
change with time, and mass balance over the whole cycle for each component was closed. 
Recovery, purity and feed throughputs were obtained using equations 24-25 respectively. 
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In addition to recovery and purity, avoided energy which is an indicator of the 
operation cost of the process for each condition was calculated by following equation: 
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In the above equation, s is the number of energy consuming steps. tstep is the total 
time of a specific step which the energy is calculated for. Recovered CO2 moles are the 
CO2 moles that are in the heavy product. Produced CO2 moles because of CO2 separation 
process are the moles of CO2 produced in order to provide the electricity needed for the 
PSA for separating and concentrating CO2 which is assumed to be 0.0052 (moles/kJ) 
which is equivalent to 0.83 (kg/kWh)
4
.  is the ratio of heat capacities and has been 
considered to be 1.4 in all energy calculations in this work. m(t) is the molar flow leaving 
the bed at time t. δ is the efficiency and has been assumed to be 85%. In the cycles 
studied in this work, energy consuming steps are CoD, CnD, LR1 and LR2. PH for CoD 
step is 101.325 kPa, while PH for the other three steps, were determined based on the 
cycle schedule; if the gas leaving the bed during of each of these steps was collected as 
heavy product, then PH was equal to 137.86 kPa but if it was recycled back to the bed 
undergoing HR step, then the PH was equal to the feed pressure (120.0kPa). P(t) is the 
pressure at the downstream of the bed at time t. 
 
2.5 Results and Discussion 
Seven runs were carried out to investigate the effect of three parameters on the 
performance of each cycle; light reflux ratio (), heavy reflux ratio () and vacuum 
pressure applied at the downstream of the bed during the cocurrent depressurization step 
(PCoD). Conditions for runs 1-7 are summarized in table 2.3.  
Results for runs 1-3 (effect of light reflux ration ()) are shown in figure 2.2 for 
cycles I and II. In both cycles higher  resulted in higher recovery, indicating the effect 
of quantity of the purge gas. However the effect on the purity was not the same in the 
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cycles studied in this work; at higher , purity was higher in cycle I while it was lower in 
cycle II. This difference is due to the different steps that the heavy product is taken from 
in each cycle. In order to obtain a better understanding, bed profiles for CO2 were plotted 
for throughput equal to 224.47 (L(STP)/kg/hr) and are shown in figure 2.3. Since the 
differences were not significant during the feed and LPP steps, these steps are not shown. 
Moles leaving the bed in CoD, CnD, and LR steps in table 2.4. In both cycles, at larger , 
more nitrogen-enriched gas is provided during the LR steps, thus CO2 front gets closer to 
the heavy end (figure 2.3), and as result more CO2 leaves the bed during the LR 
step(table 2.4). In cycle I, this stream is totally recycled to the bed undergoing the HR 
step. Therefore when more purge gas is provided, more CO2-enriched gas enters the bed 
during the HR step, and pushes the CO2 front towards the light end. This front will be 
furthered pushed towards the light end during the Eq and CoD step, and thus the bed is 
left with more CO2 at the beginning of the CnD step. Consequently at higher LR ratios, 
during the CnD step more CO2 leaves the bed with less amount of Nitrogen (table 2.4), in 
other words, the performance is improved in terms of both recovery and purity of CO2. In 
cycle II the amount of recycled moles  is less than cycle I for two reasons; most of the 
CO2 has already desorbed and left the bed (during the LR1 and CnD) and the time of this 
step is shorter (25s) than LR step in cycle I (50s). Therefore even at higher  the front of 
CO2 remains close to the heavy end of the end. In this cycle, applying more light gas 
during the LR steps leads to lower recovery of CO2 with lower purity during the CnD 
step (table 2.4). However since the stream exiting the bed during the LR1 step is also 
collected as the heavy product, the more the purge gas, the more CO2 with more Nitrogen 
in the heavy product is produced during the LR1 step (table 2.4), causing the recovery to 
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increase and the purity to drop. As it can be seen in table 2.4, more light reflux, needs 
more energy, because the higher the amount of purge, the more gas should be compressed 
either to be recycled to the HR step or to be collected as the heavy product. 
In both cycles at higher throughputs, the recovery of CO2 is lower while the purity 
is higher. The reason for this is that at higher throughputs, a bigger amount of CO2 enters 
the bed during the feed step with a fixed step time, so a larger fraction of the CO2 that 
enters the bed does not adsorb and leave the bed through the light end. Overall at higher 
throughputs the CO2 front is closer to the light end, causing more breakthrough of the 
CO2 through the light end. On the other hand, at higher throughputs less amount of 
Nitrogen is remained in the bed as CO2 gets closer to the light end, and therefore the 
purity is enhanced. 
Results for runs 1, 4 and 5 and their corresponding bed profiles are shown figures 
2.4 and 2.5 respectively. In both cycles, less amount of HR reflux resulted in lower 
purity. At higher  values, since more CO2 rich gas is recycled to the HR step, similar to 
the runs at a higher LR ratio, the CO2 front is closer to the light end (HR step, figure 2.5), 
and therefore the purity of CO2 is increased. Moreover since more CO2 is taken as the 
heavy product at lower HR ratio, recovery of CO2 is slightly higher at lower HR ratio. In 
terms of energy, more heavy reflux, needs more energy for compression during the CnD, 
and LR/LR1 steps in cycles I/II (table 2.4), and that causes the energy to increase. 
Results for runs 1, 6-7 are shown in figure 2.6 and 2.7. The bed profiles for these 
runs are shown in figure 2.5. In cycle II, run 7, for the lowest throughput the goal of 90% 
recovery and 95 vol. % purity was achieved. In both cycles, lowering the CoD pressure, 
improves the purity while decreasing recovery. By lowering the PCoD, more Nitrogen is 
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taken from the bed during the CoD step, in other words at lower CoD pressure, CO2 front 
gets closer to light end and, more pure CO2 is produced. However at the same time as the 
CO2 reaches the light end and some CO2 leaves the bed through the light end (CoD step 
in figure 2.7), and therefore the CO2 recovery drops. In terms of energy, at lower CoD 
pressure, more energy is needed for the CoD step, but on the other hand during the CnD 
step, since fewer moles leave the bed (table 2.5) because the change in the pressure is 
lower, less energy is need. However when the partial pressure of the CO2 is reduced by 
the presence of the purge gas in the LR steps, more CO2 moles leaves (table 2.5) the bed 
and thus the energy of this step increases. Total energy is sum of the energies of the 
above steps, and the results of this part showed that the total energy increased with 
lowering the PCoD, revealing that by lowering the CoD pressure, the amount of the 
additional energy needed during the CoD and LR steps is higher than the reduction in 
energy in the CnD step. 
Based on the results of the parametric study, 3 more runs were carried out for 
each cycle. The conditions for each run are shown in table 2.6. In figure 2.2 it was shown 
that for cycle I run 3 met the goal of recovery and purity while runs with lower HR ratio 
(4, 5) had lower avoided energy (figure 2.4). Thus in runs 8-10, the goal was to improve 
runs 4 and 5 in terms of recovery and purity. To reach this goal, the effect of HR and LR 
ratios were both taken into account: lower HR ratio for lower energy, and higher LR ratio 
for reaching the desired recovery and purity of CO2. The results are shown in figure 2.8. 
Runs 9 and 10 met the recovery and purity, and the energy for these two runs is lower 
compared to run 3. On the other hand, parametric studied showed that for cycle II, run 7 
gave the needed recovery and purity but for low throughputs (figure 2.6) and also for the 
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higher throughputs the performance of run 6 was very close to the desired region of 
recovery and purity. Thus runs 8-10 were carried out in order to investigate the 
possibility of improving the throughputs and thus reducing the capital cost for this 
specific cycle; in run 8, the effect of lowering the LR ratio on the performance of run 6 
(in order to improve the purity) and in runs 9 and 10, the effect of increasing the LR ratio 
on the performance of run 7 were investigated. Results are shown in figure 2.8. Only run 
10, met the criteria for recovery and purity with throughputs slightly higher than 
throughputs in run 7. The energy is also slightly higher.  
Parametric study showed that cycle I provided better performance in terms of 
purity whereas cycle II provided a better performance in terms of recovery. For the 
conditions that the cycles met the goal of 90% recovery and 95 vol. % purity, cycle I 
needed more energy (run 3) compared to cycle II (run 7). But it should also be noted that 
cycle I is a three bed system, and also it showed more throughput compared to cycle II 
which is a 4 bed cycle with lower throughputs. Overall the current study showed that the 
goal of 90% CO2 recovery with a purity of 95 vol. % is obtainable with both these cycles; 
cycle I with higher operating cost and lower capital cost and cycle II with lower operating 
cost and higher capital cost. 
 
2.6 Conclusions 
Comparing the performance of two cycles studied here, showed that recoveries 
were higher in cycle II with more LR steps, and purities were higher in cycle I where 
heavy product was taken from CnD step (except for runs 4, and 5). The results obtained 
here indicates that applying more purge gas, and for a longer time, facilitates the 
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desorption of CO2 but at the same time, more purge gas leads to lower purity. In both 
cycles recycling more either to the HR step, or LR step resulted in higher energy needed. 
It was seen that the amount of the CO2 in the gas phase, in other words, the location and 
shape of the CO2 front at the beginning of the counter current depressurization, plays an 
important role in the purity of the gas stream leaving the bed during this step. Also it 
should be taken into account if the CO2 front gets too close to the light end, some CO2 
leave the bed through the light end, and thus the recovery drops. Overall this study 
showed that for the solid amine sorbent studied here, 90% recovery of the CO2 with the 
95 vol. % purity can be obtained using specific conditions for each of the cycles shown in 
this work. In terms of cost, cycle I showed lower capital cost and higher operating cost 
while cycle II showed capital cost and lower operating cost. 
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2.7 Tables 
Table 2.1 Bed and adsorbent characteristics, gas properties and process 
condition 
 
Bed and adsorbent characteristics 
Bed radius (m) 0.049 
Bed length (m) 0.12 
Bed porosity 0.36 
Heat transfer coefficient (kW/m
2
/K) 0.0 
Pellet radius (m) 0.0014 
Pellet density (kg/m
3
) 1093.0 
Pellet porosity 0.54 
Pellet heat capacity (kJ/kg/K) 0.921 
Species properties- nitrogen 
2N
B
,1
 (K) 2029.24 
2N
B
,2
 (K) 0.09084 
0
,1 2N
b  (kPa
-1
) 5.7564×10
-7
 
0
,2 2N
b  (kPa
-1
) 7.6048×10
-6
 
s
N1, 2
q  (mol/kg) 0.8952 
s
N2, 2
q  (mol/kg) 7.2146 
H (kJ/mol) 14.84 
2N
k  (s
-1
) 0.1 
Species information-CO2 
I K1f0(kPa
-1
.min
-1
) 1.55×10
-2
 
E1f(kJ.mol
-1
) -3.68×10
-1
 
k1b0(min
-1
) 7.43×10
2
 
E1b(kJ.mol
-1
) 2.31×10
1
 
K2f0(kPa
-1
.min
-1
) 1.75×10
-2
 
E2f(kJ.mol
-1
) 8.71 
k2b0(min
-1
) 2.01×10
11
 
E2b(kJ.mol
-1
) 7.93×10
1
 
K3f0(kPa
-1
.min
-1
) 9.48×10
-4
 
E3f(kJ.mol
-1
) -1.39×10
1
 
k3b0(min
-1
) 5.17×10
10
 
E3b(kJ.mol
-1
) 7.80×10
1
 
Nmax 3.79 
K 3.12×10
-2
 
TFD 2.85×10
2
 
 1.51×10
-1
 
 2.05×10
-1
 
Process Conditions 
CO2 feed mole fraction 0.159 
Feed temperature (K) 373.15 
Wall temperature (K) 373.15 
High pressure (kPa) 120.0 
Low pressure (kPa) 5.0 
Cycle time (s) 300.0 
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Table 2.2 Initial and boundary conditions for cycle I. f: final; C.M.B.: 
component mass balance; O.M.B.: overall mass balance; K.M.: kinetic 
model for CO2; LDF.E: LDF equation, E.B.: energy balance; M.B.: 
momentum balance, V.E.: valve equation, 1: CO2, 2: Nitrogen, Fv: Flow 
calculated with valve equation. 
 
 t = 0 yi=yi,LPP,f, vi=vi,LPP,f, qi=qi,LPP,f, T=TLPP,f, P=PLPP,f 
Feed z/L = 0 yi=yi,Feed, F=FFeed, 1=K.M., 2=LDF.E., T=TFeed, M.B. 
 z/L = 1 C.M.B., O.M.B., 1=K.M., 2=LDF.E., E.B., V.E. (Po=PH) 
 t = 0 yi=y i,F,f, vi=vi,F,f, qi=qi,Feed,f, T=TFeed,f, P=PFeed,f 
HR z/L = 0 yi=yLR│z/L=1, F=-λFLR│z/L=0, 1=K.M., 2=LDFE, 
T=TFeed, M.B.  z/L = 1 C.M.B., O.M.B., 1=K.M., 2=LDF.E., E.B., V.E. (Po=PH) 
 t = 0 yi=yi,HR,f, vi=vi,HR,f, qi=qi,HR,f, T=THR,f, P=PHR,f 
Eq z/L = 0 C.M.B., V.E. (Cv=0),1=K.M., 2=LDF.E., E.B., M.B. 
 z/L = 1 C.M.B., O.M.B., 1=K.M., 2=LDF.E., E.B., V.E. (Po=PEq) 
 t = 0 yi=yi,Eq,f, vi=vi,Eq,f, qi =qi,Eq,f, T=TEq,f, P=PEq,f 
CoD z/L = 0 C.M.B., V.E. (Cv=0), 1 = K.M., 2 = LDF.E., E.B., M.B. 
 z/L = 1 C.M.B., O.M.B., 1 = K.M., 2 = LDF.E, E.B., V.E. 
(Po=PCoD)  t = 0 yi=yi,CoD,f, vi=vi,CoD,f, qi=qi,CoD,f, T=TCoD,f, P=PCoD,f 
CnD z/L = 0 C.M.B., O.M.B., 1=K.M., 2=LDF.E., E.B., V.E. (Po=PL) 
 z/L = 1 C.M.B., V.E. (Cv=0), 1=K.M., 2=LDF.E., T=TF 
 t = 0 yi=yi,CnD,f, vi=vi,CnD,f, qi=qi,CnD,f, T=TCnD,f, P=PCnD,f 
LR z/L = 0 yi=yF│z/L=1, O.M.B., 1=K.M., 2=LDF.E., E.B., V.E. 
(Po=PL)  z/L = 1 C.M.B., F=-FFeed│z/L=1, 1=K.M., 2=LDF.E, T=TF, M.B. 
 t = 0 yi=yi,LR,f, vi=vi,LR,f, qi=q i,LR,f, T=TLR,f, P=PLR,f 
Eq’ z/L = 0 yi=yEq│z/L=1,V.E. (Cv=0), 1=K.M., 2=LDF.E, E.B., M.B. 
 z/L = 1 C.M.B., F=-FEq│ z/L=1, 1=K.M., 2=LDF.E., T=TF, M.B. 
 t = 0 yi=yi,Eq’,f, vi=vi,Eq’,f, qi=qi,Eq’,f, T=TEq’,f, P=P Eq’,f 
LPP z/L = 0 yi=yF│z/L=1, V.E. (Cv=0), 1=K.M., 2=LDF.E, E.B., M.B. 
 z/L = 1 C.M.B., F=FV, 1=K.M., 2=LDF.E., T=TF, V.E. (Po=PH) 
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Table 2.3 Initial and boundary conditions for cycle II. f: final; C.M.B.: 
component mass balance; O.M.B.: overall mass balance; K.M.: kinetic 
model for CO2; L.D.F.E: LDF equation, E.B.: energy balance; M.B.: 
momentum balance, V.E.: valve equation, 1: CO2, 2: Nitrogen, Fv: Flow 
calculated with valve equation.  
 
 t = 0 yi=yi,LPP,f, vi=vi,LPP,f, qi=qi,LPP,f, T=TLPP,f, P=PLPP,f 
Feed z/L = 0 yi=yi,F, F=FFeed, 1=K.M., 2=LDF.E., T=TFeed, M.B. 
 z/L = 1 C.M.B., O.M.B., 1=K.M., 2=LDF.E., E.B., V.E. (Po=PH) 
 t = 0 yi=y i,F,f, vi=vi,F,f, qi=qi,Feed,f, T=TFeed,f, P=PFeed,f 
HR z/L = 0 yi=yLR│z/L=1, F=-λFLR│z/L=0, 1=K.M., 2=LDFE, T=TFeed, 
M.B.  z/L = 1 C.M.B., O.M.B., 1=K.M., 2=LDF.E., E.B., V.E. (Po=PH) 
 t = 0 yi=yi,HR,f, vi=vi,HR,f, qi=qi,HR,f, T=THR,f, P=PHR,f 
Eq z/L = 0 C.M.B., V.E. (Cv=0),1=K.M., 2=LDF.E., E.B., M.B. 
 z/L = 1 C.M.B., O.M.B., 1=K.M., 2=LDF.E., E.B., V.E. (Po=PEq) 
 t = 0 yi=yi,Eq,f, vi=vi,Eq,f, qi =qi,Eq,f, T=TEq,f, P=PEq,f 
CoD z/L = 0 C.M.B., V.E. (Cv=0), 1 = K.M., 2 = LDF.E., E.B., M.B. 
 z/L = 1 C.M.B., O.M.B., 1 = K.M., 2 = LDF.E, E.B., V.E. (Po=PCoD) 
 t = 0 yi=yi,CoD,f, vi=vi,CoD,f, qi=qi,CoD,f, T=TCoD,f, P=PCoD,f 
CnD z/L = 0 C.M.B., O.M.B., 1=K.M., 2=LDF.E., E.B., V.E. (Po=PL) 
 z/L = 1 C.M.B., V.E. (Cv=0), 1=K.M., 2=LDF.E., T=TF 
 t = 0 yi=yi,CnD,f, vi=vi,CnD,f, qi=qi,CnD,f, T=TCnD,f, P=PCnD,f 
LR1 z/L = 0 yi=yF│z/L=1, O.M.B., 1=K.M., 2=LDF.E., E.B., V.E. 
(Po=PL)  z/L = 1 C.M.B., F=-FFeed│z/L=1, 1=K.M., 2=LDF.E, T=TF, M.B. 
 t = 0 yi=yi,LR1,f, vi=vi,LR1,f, qi=q i,LR1,f, T=TLR1,f, P=PLR1,f 
LR2 z/L = 0 yi=yF│z/L=1, O.M.B., 1=K.M., 2=LDF.E., E.B., V.E. 
(Po=PL))  z/L = 1 C.M.B., F=-FFeed│z/L=1, 1=K.M., 2=LDF.E, T=TF, M.B. 
 t = 0 yi=yi,LR,f, vi=vi,LR,f, qi=q i,LR,f, T=TLR,f, P=PLR,f 
Eq’ z/L = 0 yi=yEq│z/L=1,V.E. (Cv=0), 1=K.M., 2=LDF.E, E.B., M.B. 
 z/L = 1 C.M.B., F=-FEq│ z/L=1, 1=K.M.,2=LDF.E., T=TF, M.B. 
 t = 0 yi=yi,Eq’,f, vi=vi,Eq’,f, qi=qi,Eq’,f, T=TEq’,f, P=P Eq’,f 
LPP z/L = 0 yi=yF│z/L=1, V.E. (Cv=0), 1=K.M. 2=LDF.E, E.B., M.B. 
 z/L = 1 C.M.B., F=FV, 1=K.M., 2=LDF.E., T=TF V.E. (Po=PH) 
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Table 2.4 Conditions for parametric study (runs 1-7) for cycles I and II. 
Run Throughput(L(STP)/kg/hr) LR-Ratio() HR-Ratio(λ) PCoD(kPa) 
1 224.47, 336.71, 448.95 0.0090 1.00 30.0 
2 224.47, 336.71, 448.95 0.0045 1.00 30.0 
3 224.47, 336.71, 448.95 0.0180 1.00 30.0 
4 224.47, 336.71, 448.95 0.0090 0.75 30.0 
5 224.47, 336.71, 448.95 0.0090 0.50 30.0 
6 224.47, 336.71, 448.95 0.0090 1.00 20.0 
7 224.47, 336.71, 448.95 0.0090 1.00 10.0 
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Table 2.5 Moles of CO2 and Nitrogen leaving the bed and the 
corresponding energy needed during CoD, CnD and LR/LR1-LR2 steps 
in cycles I and II for throughput=224.47(L(STP)/kg/hr) in runs 1-7. 
 
Run CO2 (moles) Nitrogen 
(moles) 
CO2 (moles) Nitrogen 
(moles) 
 
Cycle I Cycle II 
 
CoD 
1 0.0004 0.0103 0.0004 0.0103 
2 0.0006 0.0102 0.0006 0.0102 
3 0.0002 0.0103 0.0002 0.0103 
4 0.0004 0.0103 0.0004 0.0103 
5 0.0004 0.0103 0.0004 0.0103 
6 0.0007 0.0133 0.0007 0.0133 
7 0.0018 0.0160 0.0018 0.0160 
 
CnD 
1 0.0803 0.0050 0.0526 0.0069 
2 0.0783 0.0051 0.0538 0.0068 
3 0.0829 0.0048 0.0510 0.0069 
4 0.0679 0.0057 0.0511 0.0070 
5 0.0580 0.0063 0.0496 0.0070 
6 0.0791 0.0027 0.0511 0.0039 
7 0.0696 0.0011 0.0459 0.0012 
 
LR LR1 
1 0.0569 0.0025 0.0307 0.0029 
2 0.0520 0.0015 0.0267 0.0015 
3 0.0636 0.0045 0.0355 0.0057 
4 0.0506 0.0025 0.0302 0.0029 
5 0.0454 0.0026 0.0297 0.0029 
6 0.0600 0.0023 0.0315 0.0028 
7 0.0634 0.0022 0.0345 0.0027 
 
- LR2 
1 - - 0.0081 0.0014 
2 - - 0.0066 0.0007 
3 - - 0.0098 0.0028 
4 - - 0.0080 0.0014 
5 - - 0.0079 0.0014 
6 - - 0.0083 0.0014 
7 - - 0.0094 0.0014 
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Table 2.6 Conditions for runs 8-10 for cycles I and II. 
 
Run Throughput(L(STP)/kg/hr) LR -Ratio() HR -Ratio(λ) PCoD(kPa) 
Cycle I 
8 224.47, 336.71, 448.95 0.0180 0.50 30.0 
9 224.47, 336.71, 448.95 0.0180 0.75 30.0 
10 224.47, 336.71, 448.95 0.0360 0.75 30.0 
Cycle II 
8 224.47, 336.71, 448.95 0.0045 1.00 20.0 
9 224.47, 336.71, 448.95 0.0180 1.00 10.0 
10 224.47, 336.71, 448.95 0.0100 1.00 10.0 
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2.8 Figures 
a) 
 
b) 
 
c) 
 
d) 
 
 
Figure 2.1 Cycle steps for a) cycle I and b) cycle II, and cycle schedule for c) 
cycle I and d) cycle II 
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Figure 2.2 Results of runs 1-3 (effect of LR ratio ()) for cycles I and II. 
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Figure 2.3 Bed profiles for throughput=224.47 (L(STP)/kg/hr) for runs 1-3, for 
cycles I and II.  
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Figure 2.4 Results for runs 1, 4-5 (effect of HR ratio ()) for cycles I and II. 
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Figure 2.5 Bed profiles for =224.47 (L(STP)/kg/hr) for runs 1, 4-5, for 
cycles I and II.  
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Figure 2.6 Results for runs 1, 6-7 (effect of PCoD) for cycles I and II. 
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Figure 2.7 Bed profiles for =224.47 (L(STP)/kg/hr) for runs 1, 6-7, for cycles I and II.  
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Figure 2.8 Results for runs 8-10 for cycles I and II. 
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CHAPTER 3 
EFFECT OF WATER ON ADSORPTION AND DESORPTION OF CO2 IN A 
SOLID AMINE SORBENT 
 
 
3.1 Summary 
Effect of water on the adsorption and desorption of CO2 on a solid amine sorbent 
and vice versa was studied using thermo gravimetric method (TGA). The solid amine 
studied here was prepared by physically immobilizing PEI in a porous silica support. 
Studies were carried out at two concentrations of CO2 (2 and 100 vol. %) in Nitrogen, 
one concentration of water (2 vol. %) and four temperatures: 40, 60, 80 and 100C. More 
over a set of experiments were carried out to study the equilibrium at 40C where the 
kinetics of the adsorption of CO2 is very slow. Results obtained in this work showed that 
adsorption and desorption of water and CO2 are independent at 100 and 80C for both 
concentrations that studied. At lower temperatures however the presence of CO2 affected 
the adsorption of water in two ways; enhancing the adsorption capacity of water and 
slowing down the kinetics of adsorption in the run where the sample was exposed to pure 
CO2 prior to being exposed to water. The effect of water on the adsorption and desorption 
of CO2 was only seen in the kinetics of desorption of CO2 at 40C. Overall the effect of 
water and CO2 on each other’s adsorption and desorption, if existed, were not significant. 
 
 
68 
3.2 Introduction 
Solid amine sorbents have specific characteristics that have made them more 
attractive over other common adsorbents and thus several studies have been done on CO2 
adsorption on them.
 3-8, 11-13, 15, 19-20, 22, 24-25, 27-32, 35-37, 70-83 
Unlike liquid amines which are 
widely used for CO2 capture, solid amine sorbents do not cause corrosion, and also they 
need less energy for regeneration.
25, 35 
Moreover unlike zeolites which have a high 
working capacity for CO2, but can be easily affected by the presence of water in the feed 
,
2-3 
solid amine sorbents can adsorb substantial amount of CO2 in the presence of water. 
3, 
14, 16-17, 22, 63, 84, 85
 
Based on the studies on the reaction between CO2 and liquid alkanolamines; 
theoretically in the absence of water, CO2 reacts with amine groups and forms 
carbamates. In this reaction, one mole of CO2 needs two moles of amine to form one 
mole of carbamate. In the presence of water CO2 reacts with water and amine groups and 
forms bicarbonate. Each mole of bicarbonate needs one mole of CO2, one mole of water 
and one mole of amine. So, if the reaction between CO2 and solid amines is similar to the 
reaction of CO2 and liquid amines, in the presence of water, CO2 adsorption capacity 
should be doubled.
38
 
Water effects on the CO2 adsorption on solid amines have been reported by 
several authors. Different amine types (PEI,
70-71, 12-13
 TEPA/DEA,
32, 72-73
 Triamine,
 16-17, 19, 
74, 84
 APS & AEPAPS,
75
 APTES,
76
 3-aminopropyltuethoxy-silane,
77,
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 N-[3-
(trimethoxysilyl)propyl] diethylenetiramine,
78
 APTS, 
85
 and different support types which 
are mostly Silica; MCM-41,
70-71, 21, 84
 SBA-15,
 12, 72, 75, 79-80, 82, 85
 Silica gel,
13, 81
 KIT-6,
73
 
HMS,
77-78
 and PE-MCM-41 
16-17,
 
19, 32, 74, 84 
at different temperatures (20-75C) and 
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different concentrations of CO2 (0.04-100%) have been studied.
 7-8, 11-17, 19-22, 24, 27-32, 36-37, 
63, 70-85 
The methods used in these studies are not the same. Some authors have used 
thermograveimetric methods (TGA, TG-MS),
 13, 19, 21, 32, 72, 78, 84
 and some have used fixed 
beds and breakthrough curves.
13, 16, 19, 73, 79, 82, 
As mentioned before according to reactions 
between CO2 and liquid amines, water should increase CO2 adsorption. However in the 
reported studies, some have reported a significant enhancement in CO2 adsorption in the 
presence of water,
14, 63
 while others reported a slight increase 
12, 71, 74,, 21, 84
 or even 
hindrance in CO2 adsorption when water was present,
78
 For example Xiaochun Xu et al. 
reported 50% more CO2 adsorption on “molecular basket” adsorbent (MCM-41-PEI-50) 
in the presence of water at 75C. Their feed composition was 14.9% CO2, 4.25% O2 and 
80.85% N2 for “dry” feed and was 12.61% CO2, 3.56% O2, 68.25% Nitrogen and 15.59% 
H2O for “moist” feed.
71
 In another work Norihito Hiyoshi et al. studied adsorption of CO2 
on different solid amines in the presence and absence of water. They grafted different 
amino silanes to SBA-15 at different amine surface densities. CO2 adsorption capacity 
increased 0-30% at 60C when water was present.79 Gregory P. Knowles et al. showed 
when water was present; CO2 adsorption was slightly less than the case when water was 
not present at 20C.78 Rodrigo Serna-Guerrero et al. showed that CO2 capacity was 
higher in the presence of water for adsorption of 5% CO2 in Nitrogen on aminopropyl-
grafted pore expanded MCM-41 silica.
21
 They also reported that CO2 adsorbed more 
when relative humidity of the feed was higher. In another work, Youssef Belmabkhout et 
al. showed that at a higher relative humidity, CO2 was adsorbed more compared to a 
lower relative humidity.
16
 They studied adsorption of 0.04% CO2 in Nitrogen on 
triamine-grafted pore expanded mesoporous silica at 25C.  
70 
Since different authors have used different amines, supports,  experimental 
methods both in material preparation and adsorption-desorption analysis, and various 
experimental conditions (feed concentration and temperature), it is not possible to predict 
what is the water effect on a specific solid amine sorbent unless by doing experiments on 
that  sorbent at the desired conditions. In previous studies, Ebner et al.
3
 showed that a 
solid amine sorbent made of polyethylenimine (PEI) impregnated on CARiACT® G10 is 
suitable for CO2 capture from flue gas by using PSA. In this study effect of water on 
adsorption and desorption of CO2 and vice versa on CARiACT® G10 solid amine sorbent 
was studied for two concentrations of CO2: 100 and 2.0 vol. % and at four temperatures: 
100, 80, 60, and 40°C using TGA. Since at 40°C, it takes a long time for CO2 adsorption 
to reach equilibrium, additional experiments have been done at 40°C for studying the 
equilibrium. Water concentration whenever present was set to be 2.0 vol. %. Results 
obtained here reveal the role of water in CO2 on the solid amine sorbent that is being 
considered for CO2 capture from flue gas. 
 
3.3 Experimental 
The amine sorbent was prepared by immobilizing 40 wt% polyethylenimine on 
silica like solid support CARiACT® G10. Details of the method are given elsewhere.
3, 8 
Effect of water on adsorption and desorption of CO2 on the amine sorbent and vice versa 
were studied using a thermogravimetric analyzer (Perkin Elmer TGA-7). Figure 3.1 
shows a schematic of the experimental set up which is similar to the setup used by Ebner 
et al.
3
 Gas flow rates were set at 40 CC/min at 1 atm. Water was provided to the feed gas 
at 2.0 vol. % by using a Cole Parmer 74900 series syringe pump. In order to evaporate 
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the water exiting the needle, the port connecting the needle to the feed gas was kept at a 
temperature around 230°C using a heating band. 
To investigate the interplay of CO2 and water in adsorption on solid amine 
sorbent, two sets of experiments were carried out: “CO2 Before/After” and “H2O 
Before/After”. The former was performed to study the adsorption and desorption of water 
in the presence of CO2 and the adsorption and desorption of CO2 in the absence of water. 
The later was done to analyze the adsorption and desorption of CO2 in the presence of 
water and adsorption and desorption of water in the absence of CO2. Each set was done at 
2 concentrations: 100 and 2.0 vol. % and 4 temperatures: 40, 60, 80 and 100°C. Prior to 
every run, sample was regenerated at 100°C over-night in Nitrogen (UHP Grade, Airgas). 
Then temperature was adjusted to a desired temperature using a 5°C/min ramp. The 
sample was then kept in Nitrogen flow for 50 minutes for the weight to be stabilized. 
After that the experiment was started. Steps in each run are described below.  
In “CO2 Before/After”, sample was exposed to CO2 (UHP Grade, Airgas) for 40 
minutes. Then water was injected into the CO2 flow. At this point sample started to 
adsorb water in the presence of CO2. After 40 minutes water flow was stopped while CO2 
flow was continued for another 40 minutes. This step was considered to investigate the 
desorption of water in the presence of CO2. The feed was then switched back to Nitrogen 
and kept for 50 minutes in order to let the CO2 to desorb while there was no water in the 
feed. 
In “H2O First/After” sorbent was first exposed to a flow of 2.0 vol. % in the 
Nitrogen for 40 minutes. Then Nitorgen flow was switched to CO2 while keeping the 
water flow constant. CO2 flow was continued for 40 minutes and then, it was switched 
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back to Nitrogen while water flow was kept the same for another 40 minutes. During this 
time CO2 adsorbed and desorbed in the presence of water. The pump was then turned off 
and N2 flow was kept for about 50 minutes. During this time water desorbed in the 
absence of CO2. 
At 40C, the kinetic of adsorption is slower compared to higher temperatures3. 
Therefore another set of experiments was performed to analyze the effect of water on 
adsorption of CO2 at equilibrium. This study was consisted of four runs, all with the same 
sample, in four consecutive days:  
Day 1: “CO2 Before-1” 
Day 2: “H2O Before” 
Day 3:“CO2 Before-2” 
Day 4:“CO2-Dry”. 
Before every run, sample was regenerated and activated similar to the runs 
described earlier. All the experiments were carried out for both 100 and 2.0 vol. % CO2. 
Runs are explained below. 
In “CO2 Before-1”, which was carried out in the first day, sample was exposed to 
CO2 for 40 minutes, and then water was injected to the feed. Water and CO2 flow was 
kept for about 3 hours. In “H2O Before”, water was injected to N2 for 40 minutes and 
after that N2 was switched to CO2. Again water and CO2 flow was continued for 3 hours. 
“CO2 Before-2”, which was done in day 3, is the same as “CO2 Before-1”. In “CO2-Dry” 
no water was added to the system. The sample was exposed to CO2 for more than 3 
hours. 
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3.4 Results and discussion 
TGA Results of “CO2 Before/After” and “H2O Before/After” are shown in figures 
3.2 and 3.3 for 100 and 2.0 vol. % CO2, respectively. Results are displayed in terms of 
the total loading (weight % based on the adsorbent weight at t=0), whether it is due to 
CO2, water or both, versus time. Each graph is divided into 5 sections which are 
corresponded to different gases that interacted with the sorbent during the experiment: 
0-A: 50 min; Same for both runs: pure Nitrogen for both runs 
A-B: 40 min; Pure CO2 (figure 3.2)/2.0 vol. % CO2 in N2 (figure 3.3) in “CO2 Before-
After”; 2.0 vol. % H2O in Nitroegn in “H2O Before-After” 
B-C: 40 min; Same for both runs: 2.0 vol. % H2O in pure CO2 (figure 3.2)/2.0 vol. % 
CO2 in Nitrogen (figure 3)  
C-D: 40 min; Pure CO2 (figure 2)/2.0 vol. % CO2 in Nitrogen (figure 3.3) in “CO2 
Before-After”; 2.0 vol. % H2O in N2 in “H2O Before-After” 
D-E: 40 min; Same for both runs: Pure Nitrogen 
Figures 3.2-a, and 3.2-b show a same amount of loading at point C in both curves 
indicating that at 100 vol. % CO2 and temperatures of 80 and 100°C the total loading is 
independent of the type of the gas (CO2/water) interacting with the sample first, as 
expected merely from the thermodynamics point of view.  However, the differences 
observed at the same point C and temperatures of 40 and 60°C (Figures 3.2-c, d) are most 
likely due to the much slower kinetics of water and the influence that the partial pressure 
CO2 has on water adsorption as it is discussed later. Also, in all temperatures and runs, 
the loading at point E is bigger than the loading at point A.  From still perceivable values 
at 100
o
C (3.2-a), the difference between the two points becomes more pronounced as the 
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temperature decrease with expectedly lower desorption kinetics.  It is particularly 
interesting that at 100 and 80°C both curves merged into one curve forming a plateau 
right before point E.  This plateau indicates the existence of a species remaining in the 
sorbent desorbing at a very slow kinetic.  At 80
o
C the difference between point E and A 
is identified as 2 (Figure 3.2-b). By inspecting the “H2O Before-After” in the same 
figure, it is apparent that the loadings at points D and B are identical at both 100 and 
80°C indicating that the adsorption of CO2 occurring in B-C has been fully and reversibly 
desorbed by point D and that whatever is left remaining in the sample is just very slowly 
desorbing water. Unless there is any non-apparent evidence to the contrary, it can be 
concluded that at these higher temperatures no CO2 remains in the sample at point E in 
any of the two runs.  In other words that the difference identified by 2 (Figure 3.2-b) is 
solely due to undesorbed water. In fact, it is noteworthy that the difference between 
loadings at points D and B in the “CO2 Before/After” run (identified as 1 in figure 3.2-b) 
at both 80 and 100
o
C matches exactly in magnitude with 2, also indicating that the 
observed difference 1 is also solely associated with undesorbed water.  The differences 
observed between both curves at by point E at temperatures of 40 and 60°C, also 
analyzed and discussed in more detail later, are ascribed to the influences on CO2 on the 
loadings and kinetics adsorption/desorption of water mostly and some small influence of 
water on CO2 kinetics at 40
o
C.  
Identical conclusions can be reached from the results obtained with 2.0 vol. % 
CO2 (Figure 3.3), except for the obvious fact that in this case the observed loadings of 
CO2 were lower. The unique difference between the results of Figure 3.3 with those in 
Figure 3.2 is that both curves in Figure 3.3 at all temperatures tend to match at point C, 
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even at 40
o
C. This result suggests the existence of faster adsorption kinetics when in the 
presence of a lower gas concentration of CO2, i.e., 2.0 vol. % versus 100%.  Is indicated 
earlier, the observed kinetics leading to point C will be later associated with the kinetics 
of water alone. 
In order to obtain a better understanding of the nuances behind the differences 
between the two curves in figures 3.2 and 3.3, the results shown will be re-plotted 
differently to capture and compare in both runs the dynamics of adsorption of the sample 
right after is exposed with CO2 in the feed and the dynamics of desorption of the sample 
right after is no longer exposed with CO2 in the feed. To achieve this,  two sections of the 
curves in figures 3.2 and 3.3 are to be compared:  1)  the dynamics of adsorption between 
points B and C for the “H2O Before/After” curve against the dynamics of adsorption 
between points A and B for the “CO2 Before/After” curve and 2) the dynamics of 
desorption between points C and D for the “H2O Before/After” curve against the 
dynamics of desorption between points D and E for the “CO2 Before/After” curve.  This 
was done in figures 3.4 through 3.7, which respectively represent the results at 100, 80, 
60 and 40°C, according to the following procedure:  
For adsorption and for the “CO2 Before/After” curve: loadings between points A 
and B minus the loading at point A in figures 3.2 and 3.3.  For adsorption and for the 
“H2O Before/After” curve: loadings between points B and C minus the loading at point B 
in figures 3.2 and 3.3. These results are shown in figures “3.4a, 3.5a, 3.6a and 3.7a” for 
the results in Figures 3.2 and figures “3.4c, 3.5c, 6c and 3.7c” for the results in Figures 
3.3 
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For desorption and for the “CO2 Before/After” curve: loadings between points D 
and E minus the loading at point E in figures 3.2 and 3.3; for desorption and for the “H2O 
Before/After” curve: loadings between points C and D minus the loading at point D in 
figures 3.2 and 3.3.  These results are shown in figures “3.4b, 3.5b, 3.6b and 3.7b” for the 
results shown in Figures 3.2 and figures “3.4d, 3.5d, 3.6d and 3.7d” for the results shown 
in Figures 3.3 
The resulting results represent for most part adsorption and desorption of CO2 in 
the absence and presence of H2O in the gas phase. For this reason, the results 
corresponding to “CO2 Before/After” are labeled as “in the absence of water”, while the 
results corresponding to “H2O Before/After” are labeled as “in the presence of water”. It 
must be noted however, that water may still be present and undergoing desorption in the 
sample during the desorption plots of the “in the absence of water” curves.  Also, for a 
better comparison, both curves in each graph were shifted in time in such a way that they 
both started from the same point. 
Figure 3.4 shows an excellent overlap at 100
o
C between the two curves in both 
adsorption and desorption at both 100 and 2.0 vol. % CO2. This shows that the changes 
observed in figure 3.4 are very likely due that solely due to CO2. In other words, that at 
this temperature water plays no role on both the thermodynamics and the kinetics of 
adsorption of CO2. Because it was shown earlier  that the total loading at point C and 
total desorption at point E  in figures 3.2-a and 3.3-a were the same regardless of the type 
of gas (CO2/H2O) fed to the TGA first, the total loading of water at point C is also the 
same for both curves. This leads us to believe that at 100°C the adsorption and desorption 
of water and CO2 occur via independent mechanisms. 
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Figure 3.5 shows that identical conclusions derived from 100
o
C can also be 
reached at 80°C for both 100 and 2.0 vol. % CO2. Save for a very minor difference 
between the desorption curves of the 100 vol. % of CO2 (figure 3.5-b), wherein the “in 
the absence of water” water being a bit faster at the beginning, both curves overlap quite 
well during both adsorption and desorption.  However, when analyzing the results of 
Figure 3.5 in reference to results in figures 3.2 and 3.3, figure 3.3-b shows that a small 
difference between both curves between points B and C. Because of the very good 
agreement between the two curves in figure 3.5, it is speculated that the observed 
difference lies in differences on the kinetics of adsorption for water between the two 
curves.  
At 60°C (Figure 3.6), perceivable differences between curves become noticeable. 
In particular, more loading in the adsorption curves are observed when water is present 
(figure 3.6-a, c). However, no apparent difference is seen during desorption between the 
two runs (figure 3.6-b, d).  The almost exact overlap between the curves during 
desorption indicates no influence of water on CO2 desorption dynamics. Since the 
desorption rate is related to the amount of loading, the identical desorption rates, as it is 
easily concluded from the perfect overlap of the curves, entail the presence of identical 
loading of CO2 in both cases. This result leads to the conclusion that also the same 
amounts of CO2 were adsorbed in both curves during adsorption and hence that the 
additional loadings observed in figures 3.6-a, 3.6-d were due to only to water. In other 
words, at this temperature, while CO2 adsorption both in terms of thermodynamics and 
kinetics is still not influenced by the presence of water, the presence of CO2 instead does 
influence the adsorption of water in the form of higher loadings. To further analyze the 
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effect of CO2 on water adsorption, the results in figure 6 are contrasted against results in 
figures 3.2-c and 3.3-c. For 100 vol. % CO2 (figure 3.2-c) the increase in loading between 
point B and C in the “CO2 Before/After” curve is similar to the increase in loading 
between points A and B in the “H2O Before/After” curve (3≈4), but with a slope that is 
clearly shallower and depicting a process still ongoing.  However, this is not the case for 
the 2.0 vol. % CO2 (figure 3.3-C), where the concentration of CO2 is significantly 
smaller. The loading at point C is the same for both runs, and apparently already at 
equilibrium. Given that the adsorption of CO2 is the same for both curves, and that 
further water uptake took place in BC (Figure 6), 3 >4 in figure 3.3-c.  It is clear, then, 
that at 60
o
C, the presence of CO2 enhances the loading of water while negatively 
affecting its kinetics at elevated concentrations.  It must be observed, however, that this 
negative influence that CO2 on the adsorption kinetics of H2O is not so much the result of 
the presence of abundant amount gas CO2 molecules but more apparently due to a phase 
of adsorbed CO2 that is already in place. Figure 2-c shows how that for 100 vol. % CO2 
the “H2O Before/After” curve between points B and C rapidly reaches a plateau 
evidencing quick kinetic towards thermodynamic equilibrium and yet the gas phase 
concentrations of CO2 are as equally high as that the “CO2 Before/After” curve. The 
difference between the two curves then lies in the fact that for the “CO2 Before/After” 
curve the sample has already been exposed to CO2 for 40 minutes and very close to if not 
at equilibrium.  It is hypothesized that the adsorbed CO2 serves as a hindrance to water 
adsorption.  Such hindrance seems not to occur when water is first to adsorb as with the 
“H2O Before/After” curve of when the loading of CO2 are not due to significant 
concentration of CO2, i.e., 2.0 vol. %. 
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At 40°C, differences between the two runs during can be observed for both 
adsorption and desorption (figure 3.7). A comparison of the desorption curves shows that 
the initial amount right before desorption and total amount of desorbed are not much 
different, however.   Much of the observed discrepancies are in terms of kinetics.  In this 
regard, the “in the presence of H2O” curves showed a little higher slope, and hence fast 
kinetics, during the first 15 minutes of desorption, suggesting that water does show a 
slight positive influence on its desorption kinetics of CO2. Aside from this, it is still 
apparent that even at this temperature, water does not play much role on the 
thermodynamics of adsorption of CO2, i.e., no changes on the overall adsorption of CO2 
is the same in both “H2O Before/After” and “CO2 Before/After” curves. Because of this 
the same conclusions reached at 60
o
C regarding the differences of loadings observed 
between the curves in figures 3.7-a and 3.7-c being attributed solely to water. At this 
temperature, however, the differences are more pronounced.  However, when comparing 
these results in reference to those in figure 3.2-d and 3.3-d, the kinetics of adsorption for 
water is also affected by adsorbed CO2 that is already in place even at 2.0 vol. %.  It must 
be observed in figure 3.3-d how different the slope of the “CO2 Before/After” curve 
between points B and C is with respect that of the “H2O Before/After” curve between 
points A and B, and observed how the much faster the latter reaches equilibrium between 
point B and C. Indeed unlike the “H2O Before/After” curve right before points B and C, 
wherein the sample seems in equilibrium, the “CO2 Before/After” curve at point C shows 
that adsorption is still on going. The same is to be said with results with 100 vol. % of 
CO2 but with an effect on the kinetics of adsorption of H2O being even more important 
(3.2-d). While at 2.0 vol. % CO2, both curves almost coincide at point C (figure 3.3-d), at 
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100 vol. % CO2, the “CO2 Before/After” curve remains significantly below the curve 
“H2O Before/After”.  Because at loadings are still increasing at point C (figures 3.2-d and 
3.3-d), it is not clear, if given longer time, whether both curves would overlap at 
equilibrium.  For this reason a set of new four runs identified as “CO2 Before-1”, H2O 
Before”, “CO2 Before-1”, “CO2 dry” were carried out.  For these runs, the same sample 
was used, which was regenerated between runs. These results are shown in figure 8, 
which contains two graphs (one for 100 vol. % CO2 and another for 1.7 vol. % CO2) 
showing a period of 320 min divided in the following three sections: 
0-A: 50 min; same for all 4 cases:  pure Nitrogen 
A-B: 40 min; 2.0 vol. % water in N2 in “H2O Before”; 100 vol. % CO2 (figure 3.8-a)/2.0 
vol. % CO2 (figure 3.8-b) in “CO2 Before-1”, “CO2 Before-2”, and “Dry CO2” 
B-C: 230 min; 2.0 vol. % water in 100 vol. % CO2 (figure 3.8-a)/2.0 vol. % CO2 
(figure 3.8-b) in “CO2 Before-1”, “H2O Before”, and “CO2 Before-2”; 100 vol. % CO2 
(figure 3.8-a)/2.0 vol. % CO2 (figure 3.8-b) in “Dry CO2” 
The almost exact overlap between “CO2 Before-1” and “CO2 Before-2” for the 
entire period of 320 min, or the overlap of between these two together with that of “Dry 
CO2” between points A and B, shows the excellent repeatability of the experiments. The 
major differences are observed between points B and C between curves “CO2 Before-1”, 
“CO2 Before-2” on one side and the curve “H2O Before” on the other.  These differences, 
however, become less pronounced with both time and lower concentration of CO2. 
Unlike the case of 100 vol. % CO2 (figure 3.8-a), all three curves are close to overlapping 
at point C with 2.0 vol. % CO2 (figure 3.8-b).  Because it has been shown that the amount 
adsorbed CO2 is not influenced by the presence of water, the difference between any of 
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these three curves and “CO2 dry” corresponds entirely to water.  In consequence, the 
discrepancies between points B and C, and in particular at point C in figure 3.8-a, are due 
to differences in the kinetics of adsorption for water. Such differences find their 
explanation in the very same reasons alluded earlier when discussing results at 60 and 
40
o
C in figures 3.2 and 3.3:  the kinetics of adsorption for water is significantly affected 
when samples have previously been loaded with adsorbed CO2. The fact that there is 
persisting difference between “CO2 Before-1” and “CO2 Before-2 curves and the “H2O 
Before” curve in Figure 3.8-a, is likely due sites that H2O does not have easy access to. 
On the other hand, Figure 3.8 shows once again that CO2 has a positive influence on the 
amount of water adsorbed: under both concentrations of CO2, the loadings of water 
increased in the presence of CO2. The loading attributable to water in the “H2O Before” 
curve at point C (5), is larger than the difference between points A and B for the same 
curve (6). 
 
3.5 Conclusions 
This study was carried out to study the effect of water on adsorption and 
desorption of CO2 and vice versa on silica based solid amine sorbent consisting on 40 
wt% polyethylenimine physically supported on CARiACT® G10.  Experiments were 
investigated for two concentrations of CO2: 100 and 2.0 vol. % and one concentration of 
water: 2.0 vol. %  at four temperatures: 100, 80, 60, and 40°C using TGA. At the 
conditions studied in this work, water did not have any effect on the thermodynamics of 
adsorption of CO2 and barely affected its kinetics during desorption at 40
o
C. On the other 
hand, the results showed that CO2 has an important effect in both thermodynamics and 
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kinetics of adsorption of water at 60 and 40
o
C. No effect of CO2 on H2O was observed at 
100 and 80°C, which strongly suggests that at these temperatures the two gases adsorbed 
through independent mechanisms. The impact of CO2 on the adsorption H2O at the two 
lowest temperatures is both positive and negative. On the positive side, the presence of 
CO2 enhanced the adsorption of water and this was more pronounced at lower 
temperature. On the negative side, the pre-existence of adsorbed CO2 had a significant 
role in reducing the kinetics of adsorption of water.  Such impact was more significant at 
lower temperatures and higher preexistent loadings of CO2 as in the latter case the 
detrimental effect on H2O was more pronounced for the cases 100 vol. % was used.   
However, the results also show that when CO2 is adsorbed in the presence of H2O, CO2 
did not show any impact on the kinetics of adsorption of H2O. Since water did show 
enhancement in the presence of CO2, it is speculated that a type of reactive mechanism 
takes place between the two species.  If such reaction did take place , it was not one  that 
enhanced the adsorption of CO2, contrary to what has been suggested by many aothors.
12, 
14, 16, 38, 70, 73, 77, 80-81, 84-85,
. At any rate, at none of the conditions studied here, the observed 
effects whenever existed were significant. 
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3.6 Figures 
 
 
Figure 3.1 Experimental setup
3
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Figure 3.2- Adsorption and desorption of 2 vol. % water and 100 vol. % CO2 in 
Nitrogen on CARiACT G10 solid amine sorbent at a) 100C, b) 80C, c) 60C and d) 
40C 
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Figure 3.3 Adsorption and desorption of 2 vol. % water and a mixture of 2.0 vol. % 
CO2 in Nitrogen on CARiACT G10 solid amine sorbent at a) 100C, b) 80C, c) 60C 
and d) 40C 
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Figure 3.4 TGA Loading in the presence and absence of 2 vol. % water water at 
100°C for a) adsorption of 100 vol. % CO2, b) desorption at of 100 vol. % CO2, c) 
adsorption of 2.0 vol. % CO2, d) desorption of 2.0 vol. % CO2 in Nitrogen 
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Figure 3.5 TGA Loading in the presence and absence of 2 vol. % water at 80°C for a) 
adsorption of 100 vol. % CO2, b) desorption at of 100 vol. % CO2, c) adsorption of 2.0 
vol. % CO2, d) desorption of 2.0 vol. % CO2 in Nitrogen 
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Figure 3.6- TGA Loading in the presence and absence of 2 vol. % water at 60°C for a) 
adsorption of 100 vol. % CO2, b) desorption at of 100 vol. % CO2, c) adsorption of 2.0 
vol. % CO2, d) desorption of 2.0 vol. % CO2 in Nitrogen 
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Figure 3.7 TGA Loading in the presence and absence of 2 vol. % water at 40°C for a) 
adsorption of 100 vol. % CO2, b) desorption at of 100 vol. % CO2, c) adsorption of 2.0 
vol. % CO2, d) desorption of 2.0 vol. % CO2 in Nitrogen 
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Figure 3.8 Equilibrium loading of 2 vol. % water and CO2 on CARiACT G10 at 
40C for a) 100 vol. % CO2 and b) 2.0 vol. % CO2 in Nitrogen  
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CHAPTER 4 
CO2 CAPTURE FROM FLUE GAS BY PSA USING A SOLID AMINE 
SORBENT: HUMID FEED 
 
 
4.1 Summary 
The performance of two PSA cycles was studied for capture of CO2 from flue gas 
containing CO2, Nitrogen and water for three sorbents: a solid amine sorbent made of PEI 
physically immobilized on commercial silica, and two hypothetical sorbents: carbon 
based silica solid amine (CBSA) and hydrophobic carbon based solid amine (HCBSA). 
In both of these sorbents it was assumed that the support was activated carbon, instead of 
silica, and therefore the typical properties of activated carbon were considered for the 
properties of the sorbent. For CBSA, the isotherm of water was assumed to be the same 
as the isotherm of water on BPL activated carbon at low pressures, with the heat of 
adsorption calculated by using the equilibrium loadings at different temperatures and 
pressures. For HCBSA, all the properties were assumed to be the same as CBSA except 
for the water isotherm which was assumed to be the same as Nitrogen. The studies were 
carried out for the process conditions, that 90% recovery and 95 vol. % purity of CO2 
were achievable under dry conditions.  
Simulation results for the solid amine sorbent revealed that the recovery and dry-
basis purity of CO2 was improved when water was present, although adsorption and 
desorption of water and CO2 were considered to be independent. However since most of 
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the water leaves the bed with CO2 in the heavy product, another separation unit is needed 
after the PSA unit to separate the water from the captured CO2 resulting in more cost. 
Simulation results for two hypothetical sorbents with lower water capacity showed that 
the lower the capacity for water, the less amount of water is present in the heavy product 
with CO2 which means less drying cost but on the other hand the dilution of the CO2 in 
the feed gas leads to a drop in recovery and purity of CO2.  
 
4.2 Introduction 
Pressure swing adsorption (PSA) is one of the promising technologies that have 
been studied for CO2 capture from flue gas. Although flue gas may contain up to 17% 
water, in most of the prior studies, it was assumed that the feed gas to the PSA unit is 
consisted of CO2 and Nitrogen.
51, 57-58, 65
 In other words, in most of the existing studies, it 
has been assumed that all the water in the flue gas is being separated before the PSA unit. 
Only in a few studies, water in the feed has been considered.
43, 54, 62, 85
 Li et al. considered 
a 95% relative humidity at 30C in investigating the performance of a VSA unit for CO2 
capture from flue gas using zeolites 13X. According to their results, the presence of water 
led to 18.5 and 22 % reduction in recovery and productivity of CO2 respectively.
54
 In 
their system, 100% of the water was recovered at the heavy end of the bed with CO2. 
However no results regarding the required energy for separation were provided. In a 
series of studies, Reynolds et al. considered 10% water in the feed, when they explored 
different PSA cycles for CO2 capture form flue gas using HTLc at 302C.
43,
 
62, 86
 In their 
work, they assumed that both Nitrogen and water were inert. Yet they did not provide any 
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comparisons between the performance of the PSA processes for the dry and humid flue 
gas. Moreover all their simulations were carried out at high temperature.  
At low temperatures, unlike zeolites that can easily be affected by the presence of 
water, solid amine sorbents have been reported to be water tolerant.
3
 Although the 
adsorption capacity of CO2 in a solid amine sorbents can even be enhanced in the 
presence of water,
14, 64
 the effect of water on the performance of a PSA process is not 
clear. For a particular solid amine sorbent, the adsorption capacity of water, kinetics of 
adsorption and desorption and interplay of water and CO2, determines how much water is 
recovered with CO2 in the heavy product and how much leaves the bed with Nitrogen 
through the light end. With an ideal adsorbent for CO2 capture from a wet flue gas with a 
PSA process, most of the water that enters the bed during the feed step will be recovered 
with Nitrogen, in the light product. Having most of the water in the heavy product (CO2-
enriched stream), an additional energy is needed after the PSA unit to separate the water 
form CO2. However, since less Nitrogen is present in the heavy product, less amount of 
gas needs to be dried and thus the costs of water separation is less compared to the 
system in which water is removed prior to the PSA unit. 
In chapter 2, it was shown that for a particular solid amine sorbent (CARiACT 
G10), at 100C and for two cycle schedules (a 3 bed-8 step cycle and a 4 bed-9 step 
cycle), 90% CO2 recovery with 95 vol. % purity was achievable under certain conditions.
 
However the feed to the PSA unit was assumed to be dry. Moreover in chapter 3 it was 
shown that at temperatures higher than 80C, the adsorption and desorption of CO2 and 
water occurred through independent mechanisms. In this chapter, the effect of water on 
the performance of two PSA cycles has been explored for two concentrations of water; 2 
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and 17%. The PSA cycles are the same as the cycles that were explained in chapter 2. 
Furthermore two hypothetical sorbents are introduced with specific characteristics that 
can improve the simultaneous separation of water and CO2 form flue gas.  The effect of 
water capacity of the sorbent on the performance of the PSA process is shown via 
simulation results using these two hypothetical sorbents. Results obtained here can be 
used to improve the solid amine sorbents that being considered for CO2 capture from flue 
gas. 
 
4.3 Cycle description and mathematical model 
The cycles that were described in in chapter 2 have been used to investigate the 
CO2 capture from water containing flue gas using the CARiACT G10 solid amine 
sorbent. The simulator, mathematical model and related assumptions, initial and 
boundary conditions, bed and sorbent characteristics and process conditions were all the 
same as the ones described in chapter 2. The only difference is that in all simulations in 
this part, there are three components in the feed gas to the PSA unit: CO2, Nitrogen, and 
water. In chapter 3 was shown before that the adsorption and desorption of CO2 and 
water occurred independently at temperatures higher than 80C. Therefore in the PSA 
simulations, it was assumed that there were no interactions between water and CO2. An 
LDF model equation (eq. 1) and a linear isotherm (eq. 2) were considered for the loading 
change of water with time. In these equations kH2O is the mass transfer coefficient of 
water, *
2OH
q is the loading of the water in the sorbent at equilibrium, 
OHH
K
2,
is the Henry’s 
law constant, and 
OHH
K
20 ,
 and 
OHH
E
2,
are the Arrhenius equation constants used to 
describe the temperature dependency of the 
OHH
K
2,
.  
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Recovery and (dry-basis) purity of CO2 were calculated from the same equations 
that were used previously in chapter 2. Recovery and purity of water in the heavy product 
was calculated as following: 
100
O(moles)H
O(moles)H
(%)Recovery OH
Feed2
ProductHeavy 2
2
    (4) 
100
(moles)N(moles) OH(moles)CO
(moles) OH
(%)Purity OH
ProductHeavy 
2ProductHeavy 2ProductHeavy 2
ProductHeavy 2
2



  (5) 
Two hypothetical sorbents that were explored are labeled as CBSA (Carbon 
Based Solid Amine) and HCBSA (Hydrophobic Carbon Based Solid Amine). It was 
assumed that the support of the solid amine was activated carbon and completely 
hydrophobic carbon instead of silica. It was further assumed that the adsorption and 
desorption of CO2, and Nitrogen on this sorbent were the same as the CARiACT G10 
solid amine sorbent (chapter 2). The mass transfer coefficient of water in these two 
hypothetical was assumed to be equal to the value used for CARiACT G10 solid amine 
sorbent.The isotherm of water on CBSA was obtained by fitting equation 2 to equilibrium 
loadings of water on BPL activated carbon at low pressures. For HCBSA, all the 
properties were assumed to be the same as CBSA, except for the isotherm; for this 
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sorbent it was assumed that the loading of water at equilibrium was equal to the loading 
of Nitrogen so the same two process Langmuir isotherm (eq. 6) that was used for 
Nitrogen previously, was considered for water in this work. 
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In equation 6, 
s
OH1, 2
q , 
s
OH2, 2
q , 
OH1, 2
b , and 
OH2, 2
b  are the parameters for Dual Process 
Langmuir isotherm for N2/water in HCBSA. 
0
,1 OH 2
b ,
0
,2 OH 2
b , 
OH 2
B
,1
and 
OH 2
B
,2
 in equations 
7 and 8 are the constants in the Arrhenius equations describing temperature dependency 
of b1 and b2; pre-exponential and energy parameters respectively. Sorbent characteristics 
and the parameters for isotherm of water are shown in table 4.1. 
In order to investigate the effect of water on the performance of the PSA cycles, 
12 runs were carried out. The process conditions are shown in table 4.2. Cycles I and II 
are same as the cycles described in chapter 2. It was shown that under the process 
conditions in all these runs the 90% CO2 recovery and 95 vol. % CO2 purity was 
achievable for a dry feed by using CARiACT G10 solid amine. Each run was carried out 
for three different throughputs and two concentrations of water: 2 and 17 mol. %. For 
each condition, for a particular throughput the amount of CO2 and Nitrogen that entered 
1 2 
1 2 
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the system per cycle per kg of the sorbent was kept constant; the dry-basis throughput 
was the same for both dry and wet flue gas.  
 
4.4 Results and discussions 
4.4.1 PSA simulation results for G10-CARiACT solid amine  
Simulation results for runs 1-4 are shown in figures 4.1-4.5. Each graph also 
includes the results for the case with similar conditions but with no water. Figure 4.1 
shows the purity and recovery of CO2 and also the avoided energy needed for the process. 
Both of these runs are with the 3 bed-8 step cycle. It is clear from this figure, that 
although water and CO2 are adsorbed and desorbed through independent mechanisms, the 
performance of the PSA cycle is affected by the presence of the water. The recovery of 
CO2 is slightly higher when there is water in the feed gas while the dry-basis purity is 
significantly improved. The effect on the recovery, in the presence of 17% becomes less 
significant as throughput increases whereas in the runs with 2% water the increase in the 
purity and recovery of CO2 is similar at all throughputs. Water in the solid phase that 
desorbs during the CnD/LR steps, causes the partial pressure of CO2 to drop and hence 
the desorption of CO2 is improved leading to more recovery of the CO2. However the 
more CO2 present in the bed, the less pronounced is the effect on the partial pressure, thus 
at higher throughputs the change in the CO2 recovery is not that significant. It should be 
noted that the purities reported here are dry basis, and on this basis purities are higher 
when more water is present. The avoided energy increases as the water concentration 
increases, which are due to the need of the compression of a larger amount of gas. In 
figure 4.1 the dashed lines show the goal for recovery and purity that needs to be 
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achieved in the CO2 capture from flue gas. For this specific cycle, the separation goal can 
be achieved in both runs; however run 2 provides higher throughputs and lower avoided 
energy. 
Figure 4.2 shows the results for runs 1 and 2 in terms of recovery and purity of 
water that were calculated using equations 4 and 5. From this figure it is clear that at 17% 
water, in both runs recovery and purity of water is higher at lower throughputs. At 2% 
water, although both recovery and purity of water increase as the throughput decreases, 
the change in purity is not that significant. For 2% water, in run 1, depending on the 
throughput 40-65% of the water is recovered with CO2 in heavy product. This amount is 
even higher in run 2; 50-75%. The recovery of water becomes lower at higher 
throughputs which is due to the breakthrough of the water from the light end of the bed 
with Nitrogen.  
Simulation results for runs 3 and 4 are shown in figure 4 and 5. In these runs the 
purity of CO2 does not change significantly in the presence of water while the recovery of 
CO2 is improved; depending on the throughput in run 3, by adding 17% water, the 
recovery of CO2 changed from 80.44-90.69% to 87.55-95.25% while in run 4 the 
recovery of CO2 increased from 80.99-91.35% to 87.74-95.49%. Overall the dry-basis 
purity is slightly higher in run 3 because the light reflux ratio is higher in run 4 (0.01) 
compared to run 3 (0.009). At a specific throughput recovery increases from run 3 to run 
4 while the dry basis purity drops. However at 17% water the change in recovery is 
almost zero. In these runs similar to the runs explained before the effect of water on the 
recovery and purity of CO2 is via the dilution of the CO2 in the gas phase. Similar to prior 
runs, in these runs also the process becomes more expensive by increasing the amount of 
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water in the feed (figure 4.3). The more water enters the bed, the more gas needs to be 
compressed and thus more energy is required. In the runs with 17% water the only 
difference seen between the two runs in figure 4 is the dry-basis purity that is lower in 
run 4. For both of these runs, more than 50% of the water in the feed gas ends up with the 
CO2 in the heavy product (figure 4.4).  
Comparing the performance of runs 3 and 4 with runs 1 and 2, it becomes 
apparent that when water is present, in run 2 the separation goal is achievable for higher 
throughputs (448.94 (L(STP)/kg/hr)), but on the other hand in runs 3 and 4, the 
separation can be carried out at a much lower cost; 55-60 (kJ/mol) compared to run 2: 80-
106 (kJ/mol), yet at slightly lower throughputs (less than 448.94 (L(STP)/kg/hr)). Run 1, 
on the other hand is the run with the lowest recoveries of water (40-60%) which means 
the less drying cost of the heavy product.  
Overall with this particular sorbent, it is possible to capture CO2 and water 
without needing a dryer prior to the PSA unit or a layered bed. However the presence of 
the water not only adds to the cost of separation, but also for the runs with lower 
operating cost (runs 3 and 4), since more than 50% of the water leaves the PSA unit with 
CO2, there will be an additional water separation cost after the PSA unit. In order to 
determine the best conditions for this type of sorbent, and also to compare this sorbent 
with commercial sorbents like zeolite 13X, the cost of every and all of the units including 
the both the PSA and drying unit should be calculated and compared.  
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4.4.2 PSA simulation results for Hypothetical sorbents  
Figures 4.5-4.8 and 4.9-4.12 show the simulation results for the hypothetical 
sorbents; carbon based solid amine (CBSA), and the completely hydrophobic carbon 
based solid amine (HCBSA) respectively. Process conditions in runs 5 and 6 (figure 4.5) 
are similar to runs and 1 and 2 (figure 4.1) respectively. Comparing the results for this 
hypothetical sorbent (figure 4.5) with the silica bases solid amine (figure 4.1), it becomes 
apparent that even though the throughputs for which the goal for recovery and purity is 
obtainable are lower with CBSA as the sorbent, the process can be done at much lower 
operating cost; the avoided energy required for runs 5 and 6 are 61.20-71.13 and 52.47-
62.05 (kJ/mol) respectively that are lower compared to the avoided energies in runs 1 and 
2: 100.73-138.27 and 80.74-105.07 (kJ/mol) respectively. The lower energy requirement 
can be explained by the results shown in figure 4.6. It can be seen that with this sorbent, 
less than 30% of the water is recovered in the heavy product and thus more than 70% of 
the bed leaves the bed with Nitrogen. Having most of the water in the light product 
reduces the cost of compression of the gas leaving the bed through the heavy end during 
the CnD and LR steps. Although the cost of separation is less if compared to runs 1 and 
2, the energy needed for separation is still higher than the conditions where the feed is 
dry (figure 4.7). 
In runs 7 and 8 shown in figure 8 and 9, the process conditions are similar to runs 
3 and 4 shown in figures 4.3 and 4.4. For these runs as well as the previous thus, when 
this hypothetical sorbent is utilized, the throughputs at which the goal of recovery and 
purity is obtainable is lower. For the original sorbent, the separation target can be met for 
throughputs larger than 336.71 but smaller than 448.94 (L(STP)/kg/hr) while with this 
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sorbent the throughputs cannot be larger than 336.71 (L(STP)/kg/hr). However by 
changing the adsorbent the avoided energy needed for the process (figure 4.7) and the 
recovery and purity of the water in the heavy product (figure 4.8) drop. Under the same 
conditions, the operating cost for the PSA process with the hypothetical sorbent is (figure 
8) lower than the original sorbent (figure 4.3). More over the recovery of water in this 
sorbent (figure 4.8) is much lower: 20-40% than the original one (figure 4.4): 50-80%. 
Although some differences can be seen between runs 7 and 8 in terms of purity when 
there is no water in the feed or when there is 2% water, no differences is between the 
recoveries in these two runs. However for all the conditions, dry basis purity of CO2 is 
lower in run 8. 
Runs 9-10 and 11-12 are the runs with process conditions similar to runs 1-2 and 
3-4 and subsequently similar to runs 5-6 and 7-8 respectively but with HCBSA sorbent. 
In the presence of 17% water, in neither of the runs with this sorbent (figure 4.9 and 4.10) 
the goal of 90% recovery and 95 vol. % purity is  achievable. At 2% water on the other 
hand, the goal was reached, for runs 9, 11 and 12. Comparison of figure 10, with figures 
2 and 6, it becomes apparent that using this sorbent reduces the cost of separation. The 
avoided energy for runs 9-10 is lower than runs 1-2 and also runs 5-6. Similarly in runs 
11 and 12 the avoided energy at each throughput is lower compared to the corresponded 
throughputs in runs 3-4 and 7-8. 
Figures 4.10 and 4.12 clearly indicate that for this sorbent, most of the water leave 
the bed with Nitrogen in the light end which means that there is a very small amount of 
water that should be separated after the PSA unit. In these four runs (9-12), less than 1.5 
% of the water leaves the bed with Nitrogen (figures 4.10 and 4.12). For this hypothetical 
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sorbent, there is almost no cost regarding the drying and the CO2 and water can be 
captured with one PSA unit which will significantly reduce the cost for CO2 capture. But 
on the other hand since the water acts like Nitrogen, having water in the feed is like 
having a more dilute CO2 at higher velocities, thus at the same process conditions the 
recovery and purity of CO2 drops. Since the performance of PSA cycle is strongly 
dependent on the isotherm and kinetics of the gases on the sorbent that is being used, the 
exact equilibrium and kinetic data is required in order to design an efficient PSA process. 
However the results here show that, even if water and CO2 adsorb through independent 
mechanisms on a sorbent, the presence of water can affect the PSA performance in terms 
of recovery and purity of CO2 and the separation cost. In an ideal sorbent not only water 
does not affect the adsorption and desorption of CO2, but also the capacity of water is 
very low.  
 
4.5 Conclusions:  
Simulation results showed that for the solid amine studied in this work, under the 
conditions that 90% recovery and 95 vol. % purity of CO2 was achievable under dry 
conditions, the presence of water improved the recovery and purity of CO2. However 
most of the water was recovered with the CO2 in the heavy products that needed to be 
separated after the PSA unit, and thus adding to the cost of separation. However, having 
the drying unit after the PSA unit will be cheaper compared to having one prior to the 
PSA unit, because the amount of the gas that needs to be processed is smaller. Simulation 
results for two hypothetical sorbents with lower water capacity for water showed that the 
lower the capacity for water, the less amount of water is present in the heavy product 
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with CO2 which means less drying cost but on the other hand, for a hydrophobic solid 
amine sorbent, the only effect of the presence of water will be the dilution of the CO2 in 
the feed gas, and thus the separation becomes more difficult leading to lower recovery 
with higher cost.  
The results obtained here are preliminary results shedding some light on the effect 
of adsorption capacity of water of a solid amine sorbent on the performance of a PSA unit 
for CO2 capture from flue gas. More studies have to be carried out in order to determine 
the best material for this purpose, by considering all the cost involved in the separation 
process including drying cost if needed before/after the PSA unit, costs regarding the 
sorbent itself considering the chemical and thermal stability, and the cost for the PSA 
process itself. 
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4.6 Tables 
Table 4.1 Bed and adsorbent characteristics, gas properties and 
process conditions  
 
Adsorbent characteristics-CARiACT G10 solid amine 
Pellet density (kg/m
3
) 1093.0 
Pellet heat capacity (kJ/kg/K) 0.921 
Adsorbent characteristics-CBSA/HCBSA 
Pellet density (kg/m
3
) 800.0 
 Pellet heat capacity (kJ/kg/K) 0.709 
Species properties-Water on CARiACT G10 solid amine 
OHH
K
20 ,
 (kPa
-1
) 
 
7.0402×10
-6
 
OHH
E
2,
 (K) 3468.4418 
H (kJ/mol) -28.83 
OH
k
2
 (s
-1
) 0.0059 
Species properties-Water on CBSA 
OHH
K
20 ,
 (kPa
-1
) 
 
2.6125×10
-10
 
OHH
E
2,
 (K) 6780.8519 
H (kJ/mol) -56.37 
OH
k
2
 (s
-1
) 0.0059 
Species properties-Water on HCBSA 
OH 2
B
,1
(K) 2029.24 
OH 2
B
,2
(K) 0.09084 
0
,1 OH 2
b  (kPa
-1
) 
 
5.7564×10
-7
 
0
,2 OH 2
b (kPa
-1
) 7.6048×10
-6
 
s
OH1, 2
q  (mol/kg)  0.8952 
s
OH2, 2
q  (mol/kg) 7.2146 
H (kJ/mol) -56.37 
ki (s
-1
) 0.0059 
Process Conditions 
CO2 feed mole fraction(%)-dry feed 15.900 
CO2 feed mole fraction(%)-2% water 15.582 
CO2 feed mole fraction(%)-17% water 13.197 
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Table 4.2 Adsorbent type and process conditions for simulation runs 1-12; 
CGSA:CARiACT G10 solid amine, CBSA: carbon based solid amine, HCBSA: 
hydrophobic carbon solid amine. 
 
Run 
Throughput 
(L(SLP)/kg/hr) 
Sorbent Cycle  
LR-
Ratio() 
H-
Ratio(λ) 
PCoD 
(kPa) 
1 224.47, 336.71, 448.95 CGSA I 0.018 1.00 30.0 
2 224.47, 336.71, 448.95 CGSA I 0.036 0.75 30.0 
3 224.47, 336.71, 448.95 CGSA II 0.009 1.00 10.0 
4 224.47, 336.71, 448.95 CGSA II 0.010 1.00 10.0 
5 224.47, 336.71, 448.95 CBSA I 0.018 1.00 30.0 
6 224.47, 336.71, 448.95 CBSA I 0.036 0.75 30.0 
7 224.47, 336.71, 448.95 CBSA II 0.009 1.00 10.0 
8 224.47, 336.71, 448.95 CBSA II 0.010 1.00 10.0 
9 224.47, 336.71, 448.95 HCBSA I 0.018 1.00 30.0 
10 224.47, 336.71, 448.95 HCBSA I 0.036 0.75 30.0 
11 224.47, 336.71, 448.95 HCBSA II 0.009 1.00 10.0 
12 224.47, 336.71, 448.95 HCBSA II 0.010 1.00 10.0 
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4.7 Figures 
Figure 4.1 Simulation results for runs 1 and 2 with silica-based solid amine sorbent 
(G10 CARiACT-solid amine), in terms of CO2 recovery (%), purity (%-dry basis) in 
the heavy product and avoided energy (kJ/mol CO2) at different throughputs and for 
three different feed water contents: no water, 2% and 17% water. In recovery vs. purity 
figures, feed throughput increases from right to left. 
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Figure 4.2 Simulation results for cycle I with silica-based solid amine sorbent (G10 
CARiACT-solid amine), in terms of water recovery (%), purity (%) in the heavy 
product at different throughputs and for three different feed water contents: no water, 
2% and 17% water. Feed throughput increases from right to left. 
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Figure 4.3 Simulation results for cycle II with silica-based solid amine sorbent, in 
terms of CO2 recovery (%), purity (%-dry basis) in the heavy product and avoided 
energy (kJ/mol CO2) at different throughputs and for three different feed water 
contents: no water, 2% and 17% water. In recovery vs. purity figures, feed throughput 
increases from right to left. 
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Figure 4.4 Simulation results for cycle II with silica-based solid amine sorbent, in 
terms of water recovery (%), purity (%) in the heavy product at different throughputs 
and for three different feed water contents: no water, 2% and 17% water. Feed 
throughput increases from right to left. 
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Figure 4.5 Simulation results for cycle I with carbon-based solid amine sorbent 
(CBSA), in terms of CO2 recovery (%), purity (%-dry basis) in the heavy product 
and avoided energy (kJ/mol CO2) at different throughputs and for three different 
feed water contents: no water, 2% and 17% water. In recovery vs. purity figures, 
feed throughput increases from right to left.  
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Figure 4.6 Simulation results for cycle I with carbon-based solid amine sorbent 
(CBSA), in terms of water recovery (%), purity (%) in the heavy product at 
different throughputs and for three different feed water contents: no water, 2% and 
17% water. Feed throughput increases from right to left. 
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Figure 4.7 Simulation results for cycle II with carbon-based solid amine sorbent 
(CBSA), in terms of CO2 recovery (%), purity (%-dry basis) in the heavy product 
and avoided energy (kJ/mol CO2) at different throughputs and for three different 
feed water contents: no water, 2% and 17% water. In recovery vs. purity figures, 
feed throughput increases from right to left 
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Figure 4.8 Simulation results for cycle II with carbon-based solid amine sorbent 
(CBSA), in terms of water recovery (%), purity (%) in the heavy product at different 
throughputs and for three different feed water contents: no water, 2% and 17% 
water. Feed throughput increases from right to left. 
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Figure 4.9 Simulation results for cycle I with hydrophobic carbon-based solid amine 
sorbent (HCBSA) in terms of CO2 recovery (%), purity (%-dry basis) in the heavy 
product and avoided energy (kJ/mol CO2) at different throughputs and for three 
different feed water contents: no water, 2% and 17% water. In recovery vs. purity 
figures, feed throughput increases from right to left. 
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Figure 4.10 Simulation results for cycle I with hydrophobic carbon-based solid amine 
sorbent (HCBSA), in terms of water recovery (%), purity (%) in the heavy product at 
different throughputs and for three different feed water contents: no water, 2% and 
17% water. Feed throughput increases from right to left. 
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Figure 4.11- Simulation results for cycle II with hydrophobic carbon-based solid 
amine sorbent (HCBSA), in terms of CO2 recovery (%), purity (%-dry basis) in the 
heavy product and avoided energy (kJ/mol CO2) at different throughputs and for three 
different feed water contents: no water, 2% and 17% water. In recovery vs. purity 
figures, feed throughput increases from right to left. 
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Figure 4.12 Simulation results for cycle II with hydrophobic carbon-based solid amine 
sorbent (HCBSA), in terms of water recovery (%), purity (%) in the heavy product at 
different throughputs and for three different feed water contents: no water, 2% and 
17% water. Feed throughput increases from right to left. 
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